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F I RST EASTERN GAS SHALES SYFlPOS I UM 
OPEN I NG REMARKS 

W. K. Overbey, Jr., Symposium Chairman 

Welcome to the First Eastern Gas Shales Symposium. This symposium is designed to allow those 
of us associated with the Eastern Gas Shales Project (EGSP) to report the results of the many lab- 
oratory and field R & D studies conducted during the past year. 
attendance, which exemplifies the great interest in our project. 

It is encouraging to see this large 

First of all I would like to introduce to you, and thank, the following people who have been 
instrumental in making preparations for the symposium and who will assist in its conduction: 

Arlen E .  iiunt ......... Vice Chairman, Chairman Session I 
Charles A .  Komar.... ..Vice Chairman, Chairman Session 111 
Hilma Barlow .......... Symposium Coordinator and Treasurer 
Oiaae 'ianilla.. . . . . . . .Registration 
Brenda :lcDilda ........ Registration 
Charles 'dhieldon.. . . . .Special Arrangements 

I would also like to thank and introduce the session chairmen who have spent considerable time 
arranging the sessions and reviewing papers: 

Wallace de Witt, Jr. Chairman Session IIA, Geology/Stratigraphy 
Charles W. Byrer Chairman Session IIB, Characterization/ 

Claude S. Dean Chairman Session IVA, Geology/Structure 
Garry L. Schott Chairman Session IVB, Geochemistry/Gas 

Physical and Mineralogical 

and Organic 

The objective of this symposium is to promote "A Free Exchange of Results and Ideas". The pur- 
pose, of course, is to pass on to those who can apply it, the knowledge we have gained during the 
past year. 

In March of 1976 at a seminar conducted by the West Virginia Geological Survey, West Virginia 
University and Morgantown Energy Research Center, we summarized the state of knowledge at that point 
with a number of papers, most of which are published in MERC/Sp-76/2 "Devonian Shale Production and 
Po tent ial" . 

Today we will hopefully be taking a giant step forward as we listen to the results of research 
conducted during the past year and add to our previous knowledge of the organic rich, gas-bearing 
shales of the eastern United States. 

Goals and Objectives 

The Eastern Gas Shales Project was formally initiated in 1976 by the Energy Research and Devel- 
opment Administration (now DOE) at its Morgantown Energy Research Center (MERC). The ultimate 
objective is to increase production of natural gas from the Eastern Shales through advanced explora- 
tion and extraction techniques. 
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The project is specifically directed toward: 

1. Determining the Magnitude of potential gas reserves 
2. Thoroughly characterizing the shale 
3. Improving current stimulation technology and developing 

new stimulation techniques. 

The Eastern Gas Shales Project expects to achieve the following goals: 

In Appalachian basin 

Add 3.5 to 7.0 trillion cubic feet of gas to reserves in the 
Appalachian basin 

Increase average total gas reserve added per well drilled from 
200 to 600 million cubic feet 

Increase the average open-flow production rate of new shale wells 
from 100,000 to 300,000 cubic feet of gas per day, or more 

In Illinois and Michigan basins - 
To stimulate interest in testing the New Albany and Antrim shales 
for gas production 

Strategy 

The overall project consists of a large number of separate, but closely related, activities 
involving State and Federal organizations, universities, and industry working within a planned project 
structure coordinated by DOE. 

Accomplishments 

I would like to highlight just a few of the accomplishments which I think are of significance 
to those of you who test our ideas and results by actually drilling and stimulating gas wells. 

Geological Resource Evaluations 

Stratigraphy - An intensive study and effort to map the thickest, most consistently productive 
shale unit - the Huron outcrop and Brown shale in the subsurface has been made by state surveys and 
the USGS who cooperated in a crash effort to complete a basin-wide series of stratigraphic sections 
which will be distributed shortly. An example is on display. 

Sedimentation - The collection, review, and annotation of 381 references on argillaceous sedi- 
ment by Eessrs. Potter, Maynard, and Pryor of the University of Cincinnati represents a tremendous 
achievement and will prove to be an outstanding source of information. Definition of paleocurrent 
directions by this group is important to sedimentation Patterns. 

The postulation of a structural and depositional model of the Catskill Delta, which provided 
much of the sediments for the upper Devonian shales in the Appalachian basin, by Dr. Joe Schwietering 
is an important step to provide insight in establishing exploration models. 

The completion of detailed petrographic studies on core material has provided new insights into 
various types of depositional environments and associated sedimentary structures, which may be 
important in the generation of fractures during sediment maturation processes. 
used in establishing exploration models. 

This data can be 

Fifty-three (53) stratigraphic cross sections in all three basins and thirty-seven maps Of 
various types have been completed this past year. We are now preparing to publish many of these. 
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We obtained more than 5000 feet of core material and conducted thousands of geochemical and 
We also developed new techniques for examining core fractures physical property determinations. 

and determining their genetic origin. 

We have made measurements of residual gas liberated from encapsulated shale core samples to 
estimate potential gas reserves. 
matter in the shales. We have conducted material-balance fischer assays of the shale to determine 
the gas and oil content. Results to date indicate a residual gas saturation of .8  cu. ft. gastcu. 
ft. of shale. Seismic techniques being investigated as exploration tools are showing considerable 
promise. Stress trajectory models over the Rome Trough area, when combined with seismic information, 
point to possibly a new technique for locating fractured reservoirs. Stimulation tests are incon- 
clusive but appear promising. 
H 2 0  fracs. We have had one successful demonstration of a displaced liquid explosive stimulation in 
Lincoln County, WV. This well is currently being tested. 

We have looked in depth at kerogen and the maturity of the organic 

Foam Fracs permit well-clean-up much more quickly than conventional 

We need to examine statistically the effects of various completion techniques used historically, 
such as cleaning-out versus not-cleaning-out a shot well. We would like further discussions with 
.those of you having experience in this area. 

We feel we have had a good first year and that we will have an even better second year as we 
focus on the key issues of our various research efforts. 
next year's should provide us with some very interesting evaluations about the potential for a major 
shale gas contribution to the energy economy. 

The synthesis of this year's results with 

The challenge to develop new sources of gas for the nation is being met by all of you who are 
participating in this project. To set the theme of this symposium I would like to show you a film 
we have prepared which we think illustrates well the depth and thoroughness of studies that we are 
conducting with the Eastern Gas Shales Project. 

I would like to introduce now Mr. Leo Schrider, Assistant Director for Oil, Gas & In Situ Coal 
at MERC, who will introduce Mr. Hugh Guthrie our keynote speaker for the Symposium. 
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UNCONVENTIONAL GAS RESOURCES : 
DOE PROGRAM I N  ENHANCED GAS RECOVERY 

J e f f r e y  B. Smith 
Enhanced Gas Recovery Branch 

Div i s ion  of O i l ,  Gas, Sha le  and I n  S i r u  Technology 

Rather than d i s c u s s  t h e  s t a t u s  of n a t u r a l  gas  r e sea rch  - as ind ica t ed  i n  your program - I hope t h a t  
you w i l l  excuse m e  i f  I conf ine  my remarks merely t o  a s h o r t  synopsis  of t h e  o v e r a l l  DOE program i n  
Enhanced Gas Recovery. A program, I might add, i n  which t h e  Eas t e rn  Gas Shales  P r o j e c t  is  one of t h e  
key i n i t i a t i v e s .  

F i r s t ,  I would l i k e  t o  say something t h a t  most everyone i n  t h i s  room i s  w e l l  aware of - t h e  gas s h o r t -  
age is - and i t  is going t o  be with us  f o r  some t i m e  t o  come. If we can set  a s i d e  a l l  of t h e  on- 
going p o l i t i c a l  and indus t ry  r h e t o r i c  (along with our own s u b j e c t i v e  pe r sona l  opinions)  w e  a r e  s t i l l  
confronted by two s e r i o u s  ” f a c t s  of l i f e ” :  

(1) For almost a decade t h e  United S t a t e s  has been consuming n a u t r a l  gas  a t  a g r e a t e r  
rate than  w e  have been f i n d i n g  new re se rves  t o  r e p l a c e  those consumed and 

There is a f i n i t e  amount of n a t u r a l  gas  p re sen t  w i t h i n  t h e  e a r t h ’ s  c r u s t  - it  is 
no t  a renewable resource.  

( 2 )  

Much of t h e  known and e a s i l y  e x p l o i t a b l e  sources  of gas  - t h e  so-called “conventional” sou rces ,  such 
as t h e  high permeabi l i ty  sand r e s e r v o i r s  of t h e  T e r t i a r y  sequence along t h e  Gulf Coast - have a l r eady  
been developed and product ion is  dec l in ing  r ap id ly .  The t o t a l  producible  r e se rves  from convent ional  
gas r e s e r v o i r s  amount t o  only 216 Tcf - less than an 11 year  supply. 

However...several l a r g e  These r e sources  
are c o l l e c t i v e l y  r e f e r r e h u n c o n v e n t i o n a l  sources” because of t h e i r  i nhe ren t  low permeabi l i ty  
and/or  p e c u l i a r  producing c h a r a c t e r i s t i c s .  Furthermore, t h e  o i l  and gas indus t ry  are not  enthusias-  
t i c a l l y  pursuing development of t h e s e  p o t e n t i a l  gas r e sources  because of poor o r  non-existent p r o f i t  
i ncen t ives .  

o t e n t i a l  r e sources  of n a t u r a l  gas  remain t o  be developed. 

The Federal  Government - pr imar i ly  ERDA, and now t h e  DOE - stepped i n t o  t h e  p i c t u r e  i n  order  t o  sup- 
p o r t  Research, Development and Demonstration work and provide t h e  “extra incentive’’ t o  overcome t h e  
e x i s t i n g  i n e r t i a  a s soc ia t ed  with commercial development of t hese  resources .  

The t o t a l  DOE program f o r  development of t hese  unconventional sources  of gas i s  c a l l e d  t h e  Enhanced 
Gas Recovery Program. The primary goa l  of t h i s  program i s  t o  provide a d a t a  base of resource charac- 
t e r i z a t i o n  and product ion technology which w i l l  l e ad  t o  commercial development of t hese  gas resources .  
DOE w i l l  encourage and support  i n d u s t r y  p a r t i c i p a t i o n  i n  developing and demonstrating technologies  
needed t o  reach t h i s  goal.  

We f e e l  t h a t  t h e r e  a r e  f o u r  major unconventional r e sources  of gas  t h a t  have a h igh  p o t e n t i a l  f o r  
commercial development. There are o t h e r  unconventional sources  - such as t h e  gas  hydra t e s  - however, 
t h e s e  sources  are simply too poorly defined t o  warrant  a major development t h r u s t  a t  t h i s  t i m e .  

1 



2 UNCONVENTIONAL GAS RESOURCES: DOE PROGRAM I N  ENHANCED GAS RECOVERY 

The four  unconventional sources  of gas c u r r e n t l y  included i n  our EGR program are as fol lows:  

(1) The carbonaceous s h a l e s  of Devonian age loca ted  i n  t h e  Appalachian, I l l i n o i s  and Michigan 
Sedimentary Basins  are t h e  t a r g e t  r e source  f o r  t h e  p r o j e c t  which you a l l  are most f a m i l i a r  
w i th  - t h e  Eastern Gas Shales  P r o j e c t .  

(2)  The low permeabi l i ty ,  low poros i ty  so-called " t igh t "  gas  sandstones of t h e  Upper 
Cretaceous/Lower T e r t i a r y  i n  t h e  Rocky Mountain areas c o n s t i t u t e  t h e  r e source  t a r g e t  
f o r  our Western Gas Sands P ro jec t .  

(3)  The f r e e  methane trapped i n  coa l  beds of both t h e  e a s t e r n  and western United S t a t e s  
c o n s t i t u t e  t h e  Methane from Coal Beds P r o j e c t .  

The abnormally high pressured,  high temperature saltwater a q u i f e r s  of t h e  Texas- 
Louisiana Gulf Coast a r e  t a r g e t s  of our Geopressured Aquifer P r o j e c t .  

( 4 )  

Having discussed t h e  DOE r o l e  and resource t a r g e t s  f o r  Enhanced Gas Recovery, I would l i k e  t o  t a l k  
about implementation of t h e  program. Our b a s i c  implementation s t r a t e g y  c o n s i s t s  o f :  

a s ses s ing  and c h a r a c t e r i z i n g  t h e  resource p o t e n t i a l  of each unconventional gas 
resource.  

conducting cost-shared f i e l d  tes t  with indus t ry  t o  improve, develop and demonstrate 
va r ious  s t i m u l a t i o n  and product ion technologies .  
advantageous" on t h e  s l i d e  t o  convey t o  you t h a t  a l l  f i e l d  tests w i l l  be t a i l o r e d  
t o  t h e  cons t an t ly  changing Program P lan  and must have t o  have a l a r g e  component 
of R&D - w e  w i l l  not  fund s t i m u l a t i o n  tests merely because t h e  ope ra to r  needs t o  
f r a c t u r e  a w e l l  i n  order  t o  i n s u r e  commercial product ion volumes. 

I have included t h e  caveat  "when 

w e  w i l l  coordinate  our a c t i v i t i e s  with both DOE d i v i s i o n s  and o t h e r  Federal  agencies  
(such as t h e  Bureau of Mines) t o  minimize d u p l i c a t i o n  of e f f o r t  and overlapping c o s t s  
t o  t h e  government 

f i n a l l y ,  a l l  p r o j e c t s  w i l l  be d i r e c t o r e d  toward commercial development of t h e  gas  
resources .  W e  cannot cont inue t o  fund s t i m u l a t i o n  technology experiments once they 
have been s t a t i s t i c a l l y  proven t o  be i n e f f e c t i v e  from t h e  c o s t l b e n e f i t  s tandpoint .  
Simply s t a t e d ,  i f  i t  won't be self-support ing a t  some t i m e  i n  t h e  f o r s e e a b l e  f u t u r e  
(say 10 yea r s  from now), DOE support  w i l l  be  withdrawn. 

Before I go over a b r i e f  synopsis  of a c t i v i t i e s  planned f o r  each p r o j e c t ,  I would l i k e  t o  d i s g r e s s  
f o r  j u s t  a moment. Since many of you have, a t  one t i m e  o r  another ,  expressed some confusion a s  t o  
how t h e  managment of our program i n  EGR i s  handled l e t  m e  show you a s i m p l i f i e d  o rgan iza t ion  c h a r t  
which hopeful ly ,  w i l l  shed some l i g h t  on t h i s  matter. 

A l l  o i l  and gas r e sea rch  and development a c t i v i t i e s  involving d r i l l i n g ,  s t i m u l a t i o n  and product ion 
technologies  ( t h a t  i s ,  f i e l d  development) i s  conducted by the  DOE Divis ion of O i l ,  Gas and Shale  
Technology. The d i v i s i o n  Di rec to r  i s  Hugh D .  Guthr ie ,  who w a s  y e s t e r d a y ' s  keynote speaker.  Under 
Hugh a r e  two D i r e c t o r a t e s  - O i l  and G a s  and I n  S i t u  Technology. The I n  S i t u  Technology D i r e c t o r a t e ,  
conducts work i n  underground c o a l  g a s i f i c a t i o n  and i n  s i t u  r e t o r t i n g  of o i l  s h a l e .  The O i l  and Gas 
D i r e c t o r a t e  inc ludes  programs i n  EOR, EGR, and D r i l l i n g  and Explorat ion Technology. Under Don Ward, 
t h e  EGR Branch Ch ie f ,  are t h e  four  p r o j e c t s  I have mentioned previously.  A l l  funding f o r  t hese  p ro j -  
e c t s  is  channeled through t h e  Branch Chief.  However, t he  a c t u a l  day t o  day f i e l d  management of t h r e e  
of t h e  p r o j e c t s  has  been delegated t o  personnel a t  our  Energy Research Centers.  

A t  b e s t ,  w e  i n  Headquarters can only be c l a s s i f i e d  as "well-informed", t e c h n i c a l l y ,  when i t  comes 
t o  evolving technologies  r e l e v a n t  t o  developing these  unconventional gas  resources .  
to-day f i e l d  management of t h e  EGSP i s  en t rus t ed  t o  more knowledgeable personnel  l i k e  B i l l  Overbey 
and h i s  t e c h n i c a l  support  s t a f f .  F i e ld  management of our  Western Gas Sands P r o j e c t  is  provided by 
personnel from t h e  B a r t l e s v i l l e  (Oklahoma) Energy Research Center. The soon t o  be i n i t i a t e d  Methane 
from Coal P r o j e c t ,  w i l l  be  managed a t  MERC. Bob Wise is t h e  designated p r o j e c t  manager. Both Bob 
and B i l l  Overbey r e p o r t  t o  Leo Schr ide r ,  t h e  A s s i s t a n t  D i rec to r  f o r  t h e  O i l ,  Gas, Shale ,  and I n  
S i t u  Div i s ion  a t  MERC. 
none of our f i e l d  E R C ' s  has  done any r e sea rch  i n  t h i s  area, and t h e r e f o r e ,  are j u s t  as "qual i f ied" 
a s  w e  a t  Headquarters! 

The a c t u a l  day- 

Our Geopressured Aquifer p r o j e c t  w i l l  be  managed ou t  of Headquarters because 
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I see l i t t l e  b e n e f i t  t o  be der ived  from my d i s c u s s i n g  t h e  EGSP. You have been exposed t o  a thorough 
d i s c u s s i o n  of i t s  p o t e n t i a l  as a r e source ,  and i t s  phys ica l f chemica l  parameters  a t  y e s t e r d a y ' s  ses- 
s i o n s .  

The nex t  s l i d e  g i v e s  a qu ick  look  a t  what t ype  of "geo log ica l  animal" 
While gas  is  undeniably r e l a t e d  t o  t h e  occurrence  of n a t u r a l  f r a c t u r e  systems w i t h i n  t h e  s h a l e ,  t h e  
o v e r a l l  producing mechanism and p r e c i s e  l o c a t i o n  of f r a c t u r e d ,  gas-bearing l o c a l e s  w i t h i n  each b a s i n  
is  s t i l l  poor ly  understood. By developing  r e l i a b l e  r e source  c h a r a c t e r i z a t i o n  techniques  and apply ing  
e f f e c t i v e  s t i m u l a t i o n  t echno log ie s  w e  (and I mean t h e  c o l l e c t i v e  "we1' r ep resen ted  by a l l  of you 
p r e s e n t  i n  t h i s  room) i n t e n d  t o  e l e v a t e  t h e  Devonian s h a l e  from t h e  s t a t u s  of a p o t e n t i a l  gas 
r e source  t o  t h a t  of a proven gas r e se rve .  Once we have done t h i s  then  t h e  p r i v a t e  s e c t o r  can t a k e  
over  t h e  l a r g e - s c a l e  commercial development of t h e  Devonian s h a l e  gas  r e source .  

This  s l i d e  w i l l  s e r v e  as a qu ick  reminder of t h e  geography areas encompassed by t h e  EGSP. 

t h e  EGSP is  dea l ing  wi th .  

The second l a r g e s t  p r o j e c t  (bo th  i n  terms of complexity and l e v e l  of funding) i s  our  WGSP. 
primary t a r g e t s  f o r  t h i s  p r o j e c t  a r e  t h e  low pe rmeab i l i t y  (<lmd) gas  sands tones  of t h e  P iceance ,  
U in ta ,  Greater Green River Bas ins  and t h e  Nor thern  Grea t  P l a i n s  Province  (shown by t h e  d iagonal -  
l y  cross-hatched p a t t e r n  on t h e  s l i d e ) .  

The 

Success  of our p r o j e c t  i n  t h e s e  f o u r  primary geo log ic  l o c a l e s  w i l l  permi t  u s  t o  i n v e s t i g a t e  add i t ion -  
a l  low pe rmeab i l i t y  sands tones  i n  t h e  16 o t h e r  sed imentary  b a s i n s  included on t h e  s l i d e .  

This  v e r y  gene ra l i zed  schematic c ros s - sec t ion  of t h e  P iceance  Basin shows t h e  geometry of t h e s e  
t i g h t  sands tones .  They are a s e r i e s  of i n d i v i d u a l  l e n t i c u l a r  sand bodies  depos i t ed  i n  a complexy 
i n t e r f  i nge r ing  f l u v i a l f d e l t a i c  sequence. I n d i v i d u a l  sand l e n s e s  have th i cknesses  measured i n  10's 
of f e e t  and la teral  e x t e n t s  of less than  3000'. 

Some of t h e  b a s i c  problems which w e  a r e  a t t empt ing  t o  s o l v e  i n  t h e  WGSP a r e  shown on t h i s  s l i d e .  
Without r u l i n g  o u t  CEF comple te ly ,  I have t o  say  t h a t  a t  t h i s  t i m e ,  i t  appea r s  t h a t  the on ly  p r a c t i -  
ca l  means of i n c r e a s i n g  pe rmeab i l i t y  and r e s u l t a n t  f l ow rates from t h e s e  sands tones  l i e s  i n  t h e  u s e  
of massive hydrau l i c  f r a c t u r i n g  techniques .  
can d e s i g n  MHF j o b s  wi th  p r e d i c t a b l e  r e s u l t s .  
wf2x-10~  i n c r e a s e  i n  pos t - f r ac  f low r a t e s  over  t h e  i n i t i a l  n a t u r a l  open f low rates over t h e  i n i t i a l  
n a t u r a l  open f low rates - (from 100 Mcf t o  a s  much a s  1.1 MMcf/d). 

Unfo r tuna te ly ,  w e  s t i l l  have some way t o  go b e f o r e  w e  
To d a t e  our  exper iments  have been v e r y  encouraging 

Unl ike  t h e  e a s t e r n  United S t a t e s  where t h e r e  a r e  many v e r y  s t r o n g  s t a t e  g e o l o g i c a l  surveys  and uni- 
v e r s i t i e s  (most of which a r e  r ep resen ted  i n  t h i s  room today) ,  t h e  major sou rce  of geologic ,  geo- 
chemical and geophys ica l  knowledge r e l a t i n g  t o  t h e s e  t i g h t  gas  sands tones  i n  t h e  West r e s i d e s  i n  one 
i n s t i t u t i o n  -- t h e  USGS. Under an in t e ragency  agreement wi th  DOE t h e  USGS is  r e s p o n s i b l e  f o r  a wide 
v a r i e t y  of ass ignments  i n  provid ing  an  inven to ry  and thorough c h a r a c t e r i z a t i o n  of t h e s e  t i g h t  gas  
sands tones .  Regional u n i v e r s i t i e s  and l a b s  w i l l  b e  u t i l i z e d  f o r  work which t h e  USGS cannot hand le  
o r  which would be  more c o s t - e f f e c t i v e  t o  c o n t r a c t  o u t .  

I n  a d d i t i o n  t o  conduct ing  r e s o u r c e  c h a r a c t e r i z a t i o n  and s t i m u l a t i o n  f i e l d  exper iments ,  several 
i n s t i t u t i o n s  are engaged i n  a p p l i e d  r e s e a r c h  aimed a t  deve loping  new suppor t ing  technology f o r  our  
f i e l d  s t i m u l a t i o n  experiments.  The a c t i v i t i e s  shown on t h i s  s l i d e  suppor t  development of bo th  t h e  
EGSP and WGSP. I won't dwel l  upon t h e s e  a c t i v i t i e s  as you've a l r e a d y  hea rd ,  o r  s h o r t l y  w i l l  h e a r ,  
t a l k s  by some of t h e s e  c o n t r a c t o r s  such a s  Sandia ,  Los Alamos Labora to r i e s ,  Lawrence Livermore Labora- 
t o r y  and Mound Lab. 

Our Methane from Coal P r o j e c t  i s  r e l e g a t e d  n e i t h e r  t o  t h e  e a s t e r n  o r  the wes tern  par t  of t h e  United 
S t a t e s .  However, t h e  s i z e  of ou r  budget f o r  EY-1978 w i l l  p r ec lude  a n y  widespread and/or l a rge - sca l e  
a c t i v i t i e s .  There have even been rumors t o  t h e  e f f e c t  t h a t  Bob Wise, t h e  p r o j e c t  manager, has  gone 
o u t  and r e n t e d  a Honda 350 t o  c u t  down on h i s  t r a v e l  expenses. 

The nex t  s l i d e  shows some of t h e  programs involved i n  producing and u t i l i z i n g  methane de r ived  from 
c o a l  beds. The top  s t a t emen t  a l l u d e s  t o  t h e  f a c t  t h a t  t h e  c o a l ,  l i k e  p o r t i o n s  of t h e  Devonian s h a l e ,  
i s  impermeable, h i g h l y  f r a c t u r e d  (termed "c l ea t "  by mining personnel )  and produces gas  by deso rp t ion .  
However...the g r e a t e s t  s i m i l a r i t y  between s h a l e  gas  p roduc t ion  and methane d r a i n a g e  p roduc t ion  is 
t h e i r  g e n e r a l l y  u n p r e d i c t a b l e  n a t u r e ,  e s p e c i a l l y  wi th  regard  t o  p r e d i c t i n g  open f low p roduc t ion  rates 
p r i o r  t o  a c t u a l l y  p roduc t ion  t e s t i n g  t h e  w e l l s .  

The EGR p r o j e c t  i n  Methane Drainage w i l l  be conf ined  t o  unminable c o a l  beds -- t h o s e  which are too  
t h i n  andfor  too  deep t o  b e  conven t iona l ly  mined. The p r o j e c t  goa l s  are p r e t t y  s t r a i g h t  forward. 
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4 UNCONVENTIONAL GAS RESOURCES: DOE PROGRAM I N  ENHANCED GAS RECOVERY 

This p r o j e c t  i s  a new i n i t i a t i v e  i n  F T - 7 8  and we (meaning MERC and Headquarters) have no t  f i n i s h e d  
d r a f t i n g  a complete, f u l l y  i n t e g r a t e d  p r o j e c t  plan.  

The f o u r t h  EGR p r o j e c t ,  and another  new i n i t i a t i v e  i n  FY-78, i s  t h e  Geopressured Aquifer (GPA) Pro- 
j ec t .  
i n  a j o i n t  ven tu re  t o  develop t h e  energy r e sources  (both geothermal and gas) of t h e  abnormally high 
p res su re ,  high temperature,  saltwater a q u i f e r s  of t h e  TX-LA Gulf Coast. 

Both t h e  Div i s ion  of Geothermal Energy and t h e  Enhanced Gas Recovery Branch are cooperat ing 

Some of t h e  requirements f o r  a v i a b l e  f i e l d  p r o j e c t  i n  t h e  geopressured a q u i f e r s  are given i n  t h i s  
s l i d e .  The f i r s t  2 requirements are obvious. 
with a minimum gas s a t u r a t i o n  of 30 SCF/bbl (1.2 MMcf of gas/day) i s  a p r e t t y  good t r i c k .  I f  t h i s  
w a s  Saudi Arabia and w e  were t a l k i n g  about 40,000 BPD of l i g h t  Arabian crude t h e  economic p i c t u r e  
would be q u i t e  d i f f e r e n t .  
t o  p i n  down t h e  a q u i f e r  t o  reduce t h e  r i s k  t o  v i r t u a l l y  n i l .  

Current ly  most of t h e  money a v a i l a b l e  f o r  t h i s  program is  i n  t h e  Geothermal Program, which has  been 
underway f o r  over one yea r .  

Flowing a w e l l  a t  a rate of 40,000 BWPD f o r  20 yea r s  

F i n a l l y ,  f o r  such a high r i s k ,  low p r o f i t  ven tu re  you have t o  be a b l e  

The f i n a l  s ta tement  p r e t t y  much sums up t h e  general  assessment by informed expe r t s .  And I do wish 
t o  stress t h e  work informed, e s p e c i a l l y  with the  c u r r e n t  atmosphere wherein t h e  p r e s s  i s  quoting 
t h e  resource as being thousands of t r i l l i o n  cubic  f e e t  o r  hundreds of yea r s  supply. I only wish 
I were as knowledgeable as t h e  New York Time?, copy writers. 

There 5 a l a r g e  p o t e n t i a l  source of gas  i n  these  a q u i f e r s ,  bu t  t h e  r i s k  and t e c h n i c a l  problems are 
formidable.  I once r ead ,  somewhere, t h a t  t h e r e  are tons  and tons  of gold i n  a cubic  m i l e  of sea- 
water; t h e  " t r i c k "  is  t o  g e t  i t  ou t  and y i e l d  a p r o f i t  f o r  your l abor .  This  analogy a p p l i e s  t o  a l l  
of t h e  unconventional sources  of gas ,  but  i t  is e s p e c i a l l y  p e r t i n e n t  w i th  regard t o  t h e  geopressured 
a q u i f e r s  . 
The proposed work i n  developing t h e  GPA's i s  shown on t h i s  s l i d e .  The EGR p r o j e c t  a c t i v i t i e s  are 
d i r e c t e d  p r imar i ly  toward implementing s t u d i e s  def ined by t h e  bottom two b u l l e t s .  

Insunmary, t h e  primary o b j e c t i v e  t o  t h e  EGR Program i s  t o  s t i m u l a t e  commercial development of l a r g e  
known gas  resource.  
o rgan iza t ion  e n t i t l e d  t h e  Market Oriented Program Planning Study o r  MOPPS. 
s u b s c r i b e r s  t o  t h e  New York T i m e s  have undoubtedly heard of t h e  s tudy.  I won't dwell  upon t h e  
methods employed i n  generat ing these  numbers. I th ink  the  main po in t  of t h i s  s l i d e  i s  t o  show 
t h a t  t h e r e  are indeed very impressive r e s e r v e s  of p o t e n t i a l l y  (and I emphasize t h e  word "po ten t i a l -  
ly") recoverable  gas.  However...the wide range of t h e  estimates should provide a s t r o n g  c l u e  as t o  
t h e  r e l i a b i l i t y  of an r e s e r v e s  f i g u r e s  a t  t h i s  t i m e .  

The f i g u r e s  shown he re  were der ived from an independent s tudy by t h e  o l d  ERDA 
Those of you who are 

I n  order  t o  t u r n  t h e s e  estimates i n t o  commercial r e s e r v e s  capable  of being put  i n t o  t h e  p i p e l i n e  t h e  
DOE, Enhanced Gas Recovery Branch is  following t h e  program s t r a t e g y  o u t l i n e d  here .  We f u l l y  in t end  
t o  meet our s t a t e d  goa l s  t o :  

(1) provide a r e l i ab le  d a t a  base of t echno log ica l  information 

( 2 )  improve upon e x i s t i n g  and/or develop new s t i m u l a t i o n  and production technologies  and 

(3)  demonstrate t h e  commercial f e a s i b i l i t y  of s u c c e s s f u l  techniques 

Of a l l  F o s s i l  Energy programs i n  DOE, t h e  EGR Program has  t h e  g r e a t e s t  p o t e n t i a l  f o r  near-term 
impqct. Re la t ive  t o  t h e  bu i ld ing  of c o a l  g a s i f i c a t i o n  p l a n t s  and the  l i k e ,  ou r  program a c t i v i t i e s  
have f a s t  response t i m e  (weeks t o  D & C a w e l l  ve r sus  months o r  yea r s  t o  cons t ruc t  a p l a n t ) ,  it 
c o s t s  less t o  do  t h e  work, and has  minimal e f f e c t  upon t h e  environment. 

With your support  and t e c h n i c a l  e x p e r t i s e  w e  can t ake  a major s t e p  toward so lv ing  t h e  c u r r e n t  energy 
crisis. 
such as yourselves  i t  happen. Thank you. 

I f  t h i s  program is  t o  become a success  i t  w i l l  only happen because dedicated p r o f e s s i o n a l s  
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EGS - 1 

SOME PRELIMINARY RESULTS OF REGIONAL STRATIGRAPHIC STUDIES 

OF THE DEVONIAN BLACK SHALES IN THE APPALACHIAN BASIN * 

1 

MARETA WEST' 
' U . S .  G e o l o g i c a l  S u r v e y ,  R e s t o n ,  V i r g i n i a  

ABSTRACT 

THE U.S.  GEOLOGICAL SURVEY (USGS) UNDER A COOPERATIVE AGREEMENT WITH THE ENERGY RESEARCH AND DEVEL- 
OPMENT ADMINISTRATION (ERDA) I S  INVESTIGATING THE REGIONAL STRATIGRAPHY OF THE DEVONIAN BLACK SHALES 
I N  THE APPALACHIAN BASIN. I N  ADDITION TO WORK BY USGS PERSONNEL, STRATIGRAPHIC DATA FOR THIS STUDY 
ARE BEING PROVIDED BY STATE AGENCIES AND UNIVERSITIES  UNDER CONTRACT TO ERDA. 

SEVERAL REGIONAL STRATIGRAPHIC CROSS SECTIONS BASED ON GAMMA RAY LOGS COMPILED BY THE USGS CONFIRM 
PREVIOUS SUGGESTIONS THAT THE DUNKIRK SHALE MEMBER OF THE PERRYSBURG FORMATION O F  NEW Y O N  I S  COR- 
RELATIVE WITH THE LOWER PART OF THE HURON MEMBER OF THE OHIO SHALE OF OHIO AND KENTUCKY. THE COR- 
RELATION I S  SUBSTANTIATED BY THE REGIONAL DISTRIBUTION O F  A MARKER BED J U S T  BELOW THE DUNKIRK-HURON 
BLACK SHALE. THIS BED, THE P I P E  CREEK SHALE MEME$ER OF THE JAVA FORMATION OF NEW YORK HAS BEEN 
TRACED FROM NEW YORK THROUGH WESTERN PENNSYLVANIA, EASTERN OHIO, AND EASTERN OHIO, AND EASTERN 
KENTUCKY INTO SOUTHWESTERN VIRGINIA.  
MEMBER OF THE OHIO SHALE I N  OHIO, KENTUCKY AND WEST V I R G I N I A  HAS BEEN VERIFIED.  

I N  ADDITION, THE REGIONAL DISTRIBUTION OF THE CLEVELAND SHALE 

*Paper not  a v a i l a b l e  a t  t ime of pub1 i c a t i o n  
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UPDATE CONCERNING THE THREE-DIMENSIONAL SEISMIC INVESTIGATIONS 
IN THE COTTAGEVILLE FIELD 

by 

Edward R. Tegland, Geophysical Services, Inc.  

ABSTRACT 

I n  June o f  1977 Geophysical Service Inc .  undertook an ERDA sponsored three-dimensional 
seismic program i n  the C o t t a g e v i l l e  f i e l d  i n  conjunct ion w i t h  Consolidated Gas Supply 
Corpora ti on. 

sec t i on  and accurate ly  mapping deep seated f a u l t s  which might con t ro l  f r a c t u r i n g  and product ion 
i n  t h e  shale. 

The program was aimed a t  d e f i n i n g  the seismic c h a r a c t e r i s t i c s  o f  the Devonian shale 

The complete r e s u l t s  a v a i l a b l e  as o f  September 1, 1977, w i l l  be presented. 

INTRODUCTION 

During l a t e  June and e a r l y  J u l y  1977 a seismic program ( f i g u r e  1) was undertaken i n  the 

(1) an experimental program, ( 2 )  convent ional  12 - fo ld  r e f l e c t i o n  program, 
One o b j e c t i v e  o f  the program was t o  determine 

I n  the developed p o r t i o n  o f  the f i e l d  M a r t i n  and 

C o t t a g e v i l l e  f i e l d  area o f  Mason and Jackson count ies,  West V i r g i n i a .  
o f  t h ree  elements: 
and (3) a three-dimensional r e f l e c t i o n  survey. 
t he  r e l a t i o n s h i p ,  i f  any, between the occurrence o f  s i g n i f i c a n t  f r a c t u r e  zones i n  the Devonian 
shale s e c t i o n  and a deep normal f a u l t  system. 
Nuckols (1976) i n d i c a t e  an i n t e r e s t i n g  t rend  o f  w e l l s  which had h igh (1000 mc f t )  open f l ow  ra tes .  
The i r  paper a l so  es tab l i shes  a c o r r e l a t i o n  between t h i s  t rend  and f rac tu re  t rends measured i n  
work by ERDA. To e s t a b l i s h  the f a u l t  p a t t e r n  through the f i e l d ,  a three-dimensional approach 
was employed . 

The program consisted 

Other ob jec t i ves  of the program were t o  cha rac te r i ze  the t o t a l  geologic sec t i on  i n  the 
area i n  terms o f  seismic response and t o  t r a c k  any f a u l t  t rends found in t he  area outward t o  
t h e  southwest. 
program was chosen f o r  t h e  l a t t e r  task.  

experimental expanded spread c o l l e c t e d  a t  w e l l  11940 on t h e  county l i n e  i n  t h e  southern 
p o r t i o n  o f  t he  3D area and two r e f r a c t i o n  studies,  one near w e l l  11940 and one along a s t r a i g h t  
segment o f  t he  PRIME convent ional  l i n e .  

The convent ional  seismic program cons is t i ng  o f  f o u r  l i n e s  t i e d  i n t o  the 3D 

The seismic cha rac te r i za t i on  o f  t he  geologic sec t i on  was accomplished by means o f  an 

23 



2 UPDATE CONCERNING THE THREE-DIMENSIONAL SEISMIC INVESTIGATIONS IN THE COTTAGEVILLE FIELD EGS-2 

EXPERIMENTAL FIELD METHODS 

The expanded spread c o l l e c t i o n  technique i s  diagramed i n  f i g u r e  2. I n  p r a c t i c e  the  
seismometers were pos i t ioned along a road which r a n  pas t  w e l l  11940 ( f i g u r e  l ) ,  and some s l i g h t  
bending o f  t he  seismometer l i n e  was required. The v i b r a t o r s  were requi red t o  s tay  on the  road, 
and some h o r i z o n t a l  o f f s e t  d i d  take place. 

Several sweep ranges were c o l l e c t e d  us ing the same layou t  t o  prov ide a means o f  choosing 
the  sweep range f o r  t h i s  p r o j e c t  and a benchmark fo r  any f u t u r e  seismic work i n  the area. Since 
the  crew was equipped w i t h  a CFS* I f i e l d  computer system, playbacks o f  t he  f i e l d  data fo l l ow ing  
d i v e r s i t y  v e r t i c a l  stack and c o r r e l a t i o n  were made as the data was co l l ec ted .  
of t h i s  data i n d i c a t e d  t h a t  t h e  60-20 sweep was p rov id ing  the  bes t  o v e r a l l  r e s u l t ,  a l though 
some events looked b e t t e r  a t  t h e  h igher  frequencies. 

F i e l d  analys is  

The l o c a t i o n  o f  t h i s  experimental work was chosen because w e l l  11940 had a considerable 
amount o f  geologic data a v a i l a b l e  i n  the zone o f  i n t e r e s t .  
one simply p i c k s  each seismic event and tabulates t ime (T) against  source-to-detector d is tance (XI. 
A s t r a i g h t  l i n e  f i t  i s  then made t o  the  r e l a t i o n s h i p  between X 2  and T2. 
l i n e  i s  1 / V 2 ,  and the i n t e r c e p t  i s  To2. This  procedure fo l l ows  from the normal moveout expression: 

To i n t e r p r e t  t he  data i n  t h i s  form 

The slope of t h i s  

where 

TX = r e f l e c t i o n  a r r i v a l  t ime and a t race  a t  d is tance X from source 
X = d is tance from source t o  rece ive r  
V = v e l o c i t y  (RMS) through overburden medium from surface t o  r e f l e c t o r  

To = t r a v e l  t ime of a t r a c e  having zero source-to-detector distance. 

The knowns, o f  course, are TX and X. A simple hand c a l c u l a t o r  program was developed f o r  
t he  TI-59 c a l c u l a t o r  which al lowed d i r e c t  e n t r y  of the knowns and automatic c a l c u l a t i o n  of t he  
unknowns. 
equ iva len t  t o  the  average e l e v a t i o n  o f  the spread. 
was used i n  equat ion 2. 

Near-surface co r rec t i ons  were made t o  the expanded spread data t o  reduce i t  t o  a datum 
A co r rec t i ona l  v e l o c i t y  o f  9000 fps (2743 mps) 

DE - DS TC = vc 

where 

TC = t ime c o r r e c t i o n  
DE = datum e leva t i on  
DS = source o r  rece ive r  e leva t i on .  

A t  t h e  t ime o f  t h i s  w r i t i n g ,  f i n a l  i n t e r p r e t a t i o n  o f  t h i s  data was n o t  complete. However, 
i t  w i l l  be reviewed i n  the  o r a l  presentat ion.  

* 
Trademark o f  Texas Instruments Incorporated. 
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Two r e f r a c t i o n  s tud ies  were c o l l e c t e d  us ing  t h e  l a y o u t  shown i n  f i g u r e  3. These s t u d i e s  
were a l s o  c o l l e c t e d  us ing  var ious  sweeps. F igures  4A, 4B and 5 a re  r e s u l t s  of s tudy  No. 1 w i t h  
two sweeps and s tudy  No. 2 w i t h  one sweep. V i b r a t o r  l o c a t i o n s  cou ld  n o t  be ob ta ined where 
o r i g i n a l l y  planned, hence the  v a r i a t i o n  i n  o f f s e t  pa t te rns .  It i s  i n t e r e s t i n g  t o  no te  t h a t  t h e  
event w i t h  an apparent v e l o c i t y  o f  5250 f p s  (1600 mps) i s  a t tenua ted  a t  t h e  h ighe r  sweep 
frequency. 
f requenc ies .  More d e t a i l e d  e v a l u a t i o n  o f  these s t u d i e s  w i l l  be i nc luded  i n  t h e  o r a l  presenta- 
t i o n  a l so .  

The lower v e l o c i t y  no ise  a t  1250 fps  (381 mps) appears t o  propagate a t  bo th  

REFLECTION FIELD METHODS 

The r e f l e c t i o n  data was c o l l e c t e d  w i t h  a 60-20 Hz sweep o f  10-second d u r a t i o n  us ing  a 
v e r t i c a l  redundancy of 15 sweeps f rom two v i b r a t o r s  o r  10 sweeps when t h r e e  u n i t s  were work ing  
s imu l taneous ly .  D i v e r s i t y  v e r t i c a l  s tack ing  o f  i n d i v i d u a l  sweeps and c o r r e l a t i o n  were c a r r i e d  
o u t  i n  t h e  f i e l d  us ing  a CFS I system. The geophone a r r a y  cons is ted  o f  24 geophones separated 
by 5 f e e t  (1.52 meters ) .  The convent iona l  common depth p o i n t  r e f l e c t i o n  l i n e s  were c o l l e c t e d  
us ing  t h e  surface l a y o u t  shown i n  f i g u r e  6. Th is  asymmetric s p l i t  p rov ided good near-of fset  
coverage coupled w i t h  s u f f i c i e n t l y  l o n g  o f f s e t s  t o  p rov ide  good v e l o c i t y  c o n t r o l  o u t  t o  app rox i -  
ma te l y  8000 f e e t  (2438 meters ) .  
as "PRIME,"  I, 11, and I 1 1  ( f i g u r e  1). The i n t e n t  o f  these l i n e s  was t o  p rov ide  c o n t r o l  f o r  
t r a c k i n g  s t r u c t u r e  from t h e  f i e l d  area outward t o  t h e  south and west. 

The f i e l d  area i t s e l f  was covered by t h e  3D Seis loop* approach. 
i d e n t i f i e d  as A through J were e s t a b l i s h e d  us ing  e x i s t i n g  roads and t r a i l s  w i t h i n  the  f i e l d  
(shaded area o f  f i g u r e  1 ) .  
f i e l d  procedure cons is ted  o f  l a y i n g  seismometer groups on a l t e r n a t e  s t a t i o n s  around each l o o p  
and occupying each s t a t i o n  w i t h  t h e  source. 
throughout the  loop.  
o u t p u t  l i n e s  us ing  techniques discussed by Tegland (1974). The ou tpu t  l i n e  and t r a c e  spacing 
a re  designed so t h a t  no g r e a t e r  than one- fou r th  wavelength e x i s t s  between da ta  po in ts .  

f ea tu res  through t h e  area. 
t i o n  t o  p rov ide  t r u e  v e r t i c a l  image sec t i ons  (Schneider 1977). 

Four l i n e s  o f  t h i s  t ype  were c o l l e c t e d  which have been designated 

Nine c losed loops 

The f i n a l  survey l o c a t i o n s  o f  t h e  loops a r e  shown i n  f i g u r e  7 .  The 

The r e s u l t  causes an i n - f i l l  o f  subsurface coverage 
Subsequently, data a re  gathered i n t o  a s e r i e s  o f  p a r a l l e l  e q u a l l y  spaced 

The h i g h  d e n s i t y  of c o n t r o l  p o i n t s  a l l ows  ve ry  accu ra te  t r a c i n g  o f  f a u l t s  and o t h e r  
The d e n s i t y  a l s o  a1 lows implementat ion o f  three-dimensional  migra- 

S E I S M I C  PROCESSING 

The se ismic  p rocess ing  sequence invo lved  use o f  t he  common depth p o i n t  ga the r ing  scheme 
j u s t  mentioned f o r  bo th  t h e  convent iona l  and 3D data.  The convent iona l  l i n e s  y i e l d e d  a s i n g l e  
"s tack  t r a c k "  f o r  each l i n e  w i t h  110- foo t  (33.5-meter) t r a c e  spacing. 

c o r r e c t i o n s  were made as per equa t ion  2 us ing  a datum e l e v a t i o n  o f  800 f e e t  (243.8 meters) and 
a c o r r e c t i o n a l  v e l o c i t y  o f  9000 fps  (2743 mps). 
t o  be c o n s i s t e n t  w i t h  o l d e r  dynamite data i n  t h e  area which w i l l  p o s s i b l y  be used t o  supplement 
t h e  new work. 

V e l o c i t y  a n a l y s i s  fo l l owed  r e s i d u a l  near -sur face  c o r r e c t i o n .  
e x t r a c t e d  f rom convent iona l  L i n e  2 i s  shown i n  f i g u r e  9. I n  t h i s  a n a l y t i c a l  approach t r i a l  
func t ions  V 1  and V 1 1  a r e  chosen such t h a t  t h e r e  i s  a 6-db change i n  s tack  response from one 
f u n c t i o n  t o  another.  
a f t e r  a r o t a t i n g  d i p  search i s  employed. 

A l l  data were g a i n  recovered and deconvolved p r i o r  t o  any o t h e r  p rocess ing .  Datum 

The datum and c o r r e c t i o n a l  v e l o c i t y  were chosen 

Automated r e s i d u a l  near -sur face  c o r r e c t i o n s  were employed w i t h  good success on a l l  data.  
An example o f  v e l o c i t y  data 

The events a r e  mon i to red  by power computations made on t h e  stacked t races  
Besides c a l c u l a t i n g  and p l o t t i n g  s t a c k i n g  v e l o c i t y ,  

* 
Trademark o f  Geophysical Serv ice  Inc .  
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t h e  process p l o t s  d i p  and ampl i tude est imates.  T h i s  and s i m i l a r  techniques w i l l  be employed 
throughout t h e  3D area a lso ,  t o  produce a " v e l o c i t y  f i e l d "  f o r  s tack ing  t h e  data.  
f i e l d  w i l l  be upgraded where p o s s i b l e  and t i e d  t o  t h e  a v a i l a b l e  subsurface i n  o r d e r  t o  depth 
conver t  and per fo rm 30 m ig ra t i on .  

w i l l  be d i sp layed  i n  two o r i e n t a t i o n s  as v e r t i c a l  sec t i ons  and i n  h o r i z o n t a l  sec t i ons  c a l l e d  
SEISCROPS* (G i les ,  Bone, Tegland, 1976). 
convent iona l  program. 
Devonian sha le  s e c t i o n  a re  expected t o  c o r r e l a t e  t o  t h e  "Brown Shale Zones" discussed by severa l  
au thors  i n  MERCISP-7612. 

Th is  v e l o c i t y  

F i n a l  d i s p l a y  o f  t h e  convent iona l  data w i l l  be s imp le  convent iona l  p r o f i l e s .  The 3D area 

F i g u r e  9 i s  an example o f  data f rom L i n e  1 of t he  
The data q u a l i t y  i s  ve ry  good as can be r e a d i l y  seen. Events w i t h i n  t h e  

CONCLUSIONS AND COMMENTS 

Since t h i s  i s  a progress r e p o r t ,  no s p e c i f i c  conc lus ions  have y e t  been reached concerning 
t h e  o b j e c t i v e s  o f  t h e  program. 
q u a l i t y  may be ob ta ined i n  t h i s  area w i t h  the  f i e l d  c o l l e c t i o n  and process ing  techniques used 
i n  t h i s  p r o j e c t .  
p resen ta t i on .  

Gas Supply Corpo ra t i on  f o r  t h e i r  ex tens i ve  h e l p  i n  conduct ing  t h i s  p r o j e c t .  

However, one can conclude a t  t h i s  p o i n t  t h a t  e x c e l l e n t  data 

More i n f o r m a t i o n  and conc lus ions  should be a v a i l a b l e  a t  t he  t ime  o f  t h e  o r a l  

The au thor  wishes t o  express a p p r e c i a t i o n  t o  M r .  J i m  Wi lson and o the rs  w i t h  Conso l ida ted  
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SHOOTING PLAN 
FOR EXPANDED SPREAD ANALYSIS 
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FIGURE 2 
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SURFACE LOCATIONS USED FOR 3D SEISLOOP PROGRAM 
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14 UPDATE CONCERNING THE THREE-DIMENSIONAL SEISMIC INVESTIGATIONS IN THE COTTAGEVILLE FIELD EGS-2 

CONVENTIONAL VIBROSEIS* DATA 
EXAMPLE 1 

SOUTH __ - 

*TRADEMARK OF CONTINENTAL OIL COMPANY 

FIGURE 9 
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IN SLTU EXAMINATION OF KYDRAUL~C FRACTLJRES* 

L. D.  Tyler ,  W .  C .  Vollendorf, and D. A. Northrop 
Sandia Lab o r a t o r i e s  

Albuquerque, New Mexico 87115 

ABSTRACT 

Hydraulic f r a c t u r e  experiments have been performed i n  Rain ier  Mesa a t  
ERDA's Nevada T e s t  S i t e  as p a r t  of a nuclear  containment s tudy .  An expand- 
ed program t o  understand hydraul ic  f r a c t u r e s  as  p a r t  of ERDA's Enhanced Gas 
Recovery Program is underway. Three f r a c t u r e  experiments conducted t o  d a t e  
and p lans  f o r  t h i s  mineback tes t  p r o j e c t  w i l l  be  discussed.  

The f r a c t u r e  experiments w e r e  performed i n  a 4-in d i a m e t e r  uncased 
ho le  a t  a nominal depth of 1400 f t  i n  a uniform ash- fa l l  t u f f  formation. 
Fa0 experiments w e r e  conducted i n  one ho le  wi th  d i f f e r e n t  colored grout .  
The r e s u l t s  showed t h e  s t rong  inf luence  of i n  s i t u  stress on f r a c t u r e  d i r e c -  
t i o n  and o r i en ta t ion .  
which w a s  designed t o  p lace  20-40 sand, i n j e c t e d  i n  t h r e e  s t ages  wi th  d i f -  
ferent concentrat ion and co lo r ,  uniformly i n  the  f r a c t u r e .  The r e s u l t i n g  
f r a c t u r e  system was  very complex. 
on blocking f r a c t u r e  growth and changing f r a c t u r e  o r i e n t a t i o n  were pro- 
nounced. 
i n s i g h t  i n t o  i n  s i t u  f r a c t u r e  behavior has  been obtained.  

The t h i r d  experiment used a w a t e r  g e l  f r a c  f l u i d  

The e f f e c t s  of f a u l t s  and bedding planes 

Data c o l l e c t i o n  and ana lys i s  have not  been completed, but  va luable  

Fur ther  experiments are planned as p a r t  of t h i s  p r o j e c t  t o  understand 
hydrau l i c  f r a c t u r i n g .  Di rec t  f r a c t u r e  observat ion by mineback and cor re la -  
t i o n  wi th  geologic and material p rope r t i e s ,  f l u i d  behavior ,  and f r a c t u r e  
parameters w i l l  form a br idge  between modeling and labora tory  s t u d i e s  and 
empir ica l  f i e l d  product ion r e s u l t s .  

INTRODUCTION 

Hydraulic, explosive,  and nuc lear  f r a c t u r i n g  s t imu la t ion  techniques 
have been appl ied  t o  l o w  permeabi l i ty  n a t u r a l  gas r e s e r v o i r s  w i th  varying,  
bu t  genera l ly  noneconomic, r e s u l t s .  Massive hydrau l i c  f r a c t u r e i n g  (MHF) as 
being p rac t i ced  is  based on extensive, "conventional" f r a c t u r i n g  experience,  
l abora tory  experimentation, and empir ica l  design models; t h e  ex t r apo la t ion  
t o  the  massive scale has  not been genera l ly  success fu l .  Indus t ry  has  s t a t e d  
t h e  need t o  perform experiments i n  an environment which allows f o r  d i r e c t  
f r a c t u r e  examination and eva lua t ion .  ERDA's Nevada T e s t  S i t e  provides t h i s  
opportuni ty .  An e x i s t i n g  tunnel  complex and support  f a c i l i t i e s  of t he  S i t e  
have been used f o r  t h e  d i r e c t  examination of hydraul ic  f r a c t u r e s .  These 
mineback experiments form the  b a s i s  of a new p ro jec t  aimed a t  t h e  under- 
s tanding  of complex f r a c t u r i n g  processes  
* 

This work was supported by the United S t a t e s  Energy Research and Develop- 
ment Adminis t ra t ion,  ERDA, Under Contract No. AT(29-1) 789. 
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2 I N  SITU EXAMINATION OF HYDRAULIC FRACTURES EGS-3 

This paper is divided i n t o  two p a r t s .  The f i r s t  p a r t ,  I n  S i t u  Mineback 
Experimental Resul t s ,  p re sen t s  the r e s u l t s  of t h e  mineback hydrau l i c  f rac-  
t u r i n g  experiment performed at  t h e  Nevada T e s t  S i t e .  
Mineback T e s t  P r o j e c t ,  o u t l i n e s  the  r o l e  of Sandia 's  p r o j e c t  i n  t h e  gas 
s t imu la t ion  work done by indus t ry .  

The second p a r t ,  

I N  SLTU MINEBACK EXPERIMENTAL RESULTS 

Since 1974 Sandia Labora tor ies  has  had an active research  program i n  
hydraul ic  f r a c t u r i n g .  
t h e  underground nuclear  test program, where our concern w a s  how a leak  might 
occur due t o  hydrofracing by a condensible f l u i d .  
f r a c t u r i n g  program w e r e  t o  e s t a b l i s h  small-scale hydraul ic  f r a c t u r e  experi- 
ments as an i n  s i t u  stress t o o l  and s tudy  t h e  behavior of hydrau l i ca l ly  
formed cracks i n  an i n  s i t u  environment. This work w a s  done i n  t h e  G Tunnel 
Complex of Rainer Mesa a t  ERDA's Nevada T e s t  S i t e .  A l l  t h e  experiments w e r e  
conducted ad jacent  t o  t h e  tunnel  s o  t h a t  t h e  f r a c t u r e  d a t a  could be  col lec-  
ted  during a mining opera t ion .  
measurements has  been m e t  and hydraul ic  f r a c t u r i n g  is rou t ine ly  used t o  mea- 
s u r e  i n  s i t u  stresses i n  t h e  tunnel  with a low volume, high pressure  pumping 
system. The aims of t h e  second ob jec t ive  have been expanded t o  inc lude  re- 
quirements f o r  hydrau l i c  f r a c t u r i n g  research  t o  support  ERDA's Enhanced Gas 
Recovery Program. 

Our i n i t i a l  motivat ion f o r  t he  research  came from 

The ob jec t ives  of t h e  

The f i r s t  ob jec t ive  r e l a t e d  t o  i n  s i t u  stress 

Three hydrau l i c  f r a c t u r e  experiments a r e  descr ibed below. A l l  of t h e  

Two experiments w e r e  conducted i n  Hole U12g10.3 using colored 
experiments w e r e  conducted i n  4-in diameter uncased holes  a t  a nominal depth 
of 1400 f t .  
g routs  as a f r a c t u r e  f l u i d .  
using a water based g e l  as a f r a c t u r e  f l u i d .  

The t h i r d  experiment was done i n  Hole U12g10.5 

Hole U12g10.3. 'Itao hydrau l i c  f r a c t u r e  experiments w e r e  conducted i n  
this ho le  a t  d i f f e r e n t  depths. 
t u r e  f l u i d  at  a bottom ho le  depth of 1395 f e e t .  Af te r  t h e  f i r s t  experiment 
w a s  accomplished, a grout  plug was  poured and the  second experiment w a s  
done wi th  a yellow grout  a t  a depth of 1365 f e e t .  The f r a c t u r e  i n t e r v a l  i n  
the  ho le  f o r  both experiments w a s  10 f e e t  w i th  a b r idge  plug set  a t  the  top 
of t he  i n t e r v a l .  
ga l lons  of water. This was  followed by 272 ga l lons  of grout  wi th  water t o  
f l u s h  the  system. The t o t a l  volume i n j e c t e d  w a s  700 ga l lons .  The average 
t reatment  rate w a s  3.2 b a r r e l s  per  minute. 
p ressure  were only measured. 

The bottom f r a c t u r e  used a red  grout  frac- 

Formation breakdown was done by i n i t i a l l y  i n j e c t i n g  200 

'Flow rate  and s u r f a c e  i n j e c t i o n  

The formation rock f o r  these  experiments w a s  a uniform ash- fa l l  t u f f  
which has  t h e  p rope r t i e s  l i s t e d  i n  Table I. 
showed t h a t  both f r a c t u r e s  w e r e  almost v e r t i c a l  wi th  a d i p  t h a t  va r i ed  
between 83' and 87" NW. 
f o r  t h e  yellow f r a c t u r e  w a s  N 53" E f o r  20 f e e t  of recovery and t h e  red 
f r a c t u r e  bear ing  va r i ed  from N 47'E t o  N 53' E over a d i s t ance  of 50 fee t .  
No lateral  and v e r t i c a l  ex ten t s  of t h e  f r a c t u r e s  have been def ined as y e t ,  
bu t  a coring program is  underway t o  complete the  f r a c t u r e  geometry def in i -  
t i on .  
t he  minimum hor i zon ta l  p r i n c i p a l  stress d i r e c t i o n .  
ho le  shut- in  pressures  compared w e l l  wi th  those  measured by s m a l l  hydraul ic  

The mineback i n v e s t i g a t i o n  

The f r a c t u r e s  w e r e  a l s o  p lanar  i n  t h a t  the  bear ing  

The d ip  and bear ing  d i r e c t i o n s  of t h e  two f r a c t u r e s  correspond t o  
The ca l cu la t ed  down 
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f r a c t u r e  i n  s i t u  stress tests done i n  the tunnel  comp1ex.l 
gave 894 p s i  f o r  t h e  minimum p r i n c i p a l  stress with a va lue  of 1065 p s i  f o r  
t h e  Hole 12g10.3 f r a c t u r e s .  The d ip  and bear ings  found f o r  t h e  s m a l l  test 
agreed w e l l  wi th  the  two grouted f r a c t u r e s .  

The tunnel  tests 

Hole U12~10.5.  A s i n g l e  f r a c t u r e  experiment w a s  done i n  t h i s  ho le .  
The purpose of t h i s  experiment was  t o  t r y  t o  ga in  some information on t h e  
f r a c t u r e  f l u i d  motion dur ing  the f r a c t u r e  c r e a t i o n  and t o  ge t  some d a t a  on 
f r a c t u r e  width.  The experiment was done i n  t h e  a sh - fa l l  t u f f  rock descr ibed 
i n  Table I. The f r a c t u r e  des ign  c a l l e d  f o r  a w a t e r  based g e l  (PWG/FRZGL) 
w i th  colored 20-40 sand of d i f f e r e n t  concent ra t ions  t o  be  phased i n t o  t h e  
f r a c t u r e  schedule  a t  an i n j e c t i o n  rate of 4 bar re l s /minute .  
schedule  is  given i n  Table 11. Flow rate and s u r f a c e  p re s su res  w e r e  mea- 
sured .  An annulus p re s su re  was  measured t o  he lp  determine t h e  down h o l e  
va lues .  

The design 

The mineback eva lua t ion  of the experiment has  no t  been completed, b u t  
some very i n t e r e s t i n g  r e s u l t s  have been obtained.  The h o l e  d r i l l e d  f o r  t h i s  
experiment pene t ra ted  a region of t he  formation between two f a u l t s  which 
s t rong ly  inf luenced  the f r a c t u r e  growth and o r i e n t a t i o n .  The f a u l t s  had 
s m a l l  displacements of t he  order  of an inch  and contained a rubble  zone 
which w a s  about an inch  wide. The formation a l s o  had a number of t h i n  bed- 
ding planes i n  t h e  experimental  area. The e f f e c t  of these  f e a t u r e s  on f rac-  
t u r e  geometry are presented  below. 

The p lan  view shown i n  Figure 1 shows the o u t l i n e  of t h e  tunnel  exca- 
va ted  f o r  f r a c t u r e  examination. The enclosed area shown a t  t h e  bottom of 
the f i g u r e  is  an excavated bench. The experiment ho le  is shown a t  t h e  55 
foo t  s t a t i o n .  
l i ne  A-A. The A-A view, Figure 2 ,  shows t h e  e n t i r e  mined f r a c t u r e  system 
p ro jec t ed  on the A-A l i n e .  Two f r a c t u r e s  w e r e  formed. The primary f r a c t u r e  
w a s  nea r ly  v e r t i c a l  wi th  a d i p  varying between 85" NE t o  85" NW and essen- 
t i a l l y  l ies i n  t h e  A-A p lane  except  f o r  t h e  t a i l  from CS20 t o  CS40 which 
curved ou t  of t h e  plane.  The f a u l t s  and bedding p lanes  are as observed i n  
t h e  A-A p lane .  The secondary f r a c t u r e  system shown was pro jec ted  on t h e  
A-A plane  from t h e  tunnel  bench noted i n  Figure 1. The experiment ho le  is 
shown as VDH #5 with  t h e  f r a c t u r e  i n i t i a t i o n  i n t e r v a l  being t h e  t h i n  l i n e  
below t h e  wide l i n e .  Two important r e s u l t s  about t h e  primary f r a c t u r e  can 
be seen  i n  t h i s  p r o f i l e .  F i r s t ,  t h e  f a u l t  t o  t he  l e f t  of t h e  ho le  blocked 
the lateral growth t o  t h e  no r th  and, secondly,  a bedding p l ane  a few feet  
above t h e  i n i t i a t i o n  level served a s  a b a r r i e r  t o  v e r t i c a l  growth. 
e f f e c t  of t h e  f a u l t  t o  t h e  r i g h t  of t h e  ho le  i s  shown i n  l a te r  views. 
i c a l l y ,  the pa th  of least r e s i s t a n c e  was downward. 

The f i r s t  view of t h e  f r a c t u r e  system is a p r o f i l e  a long the  

The 
Bas- 

A ver t ica l  cross-sect ion,  p lane  D-D, is shown i n  Figure 3.  The primary 

This 

The dashed l i n e  a t  t h e  

f r a c t u r e  system is  shown passing through t h e  h o l e  and s topping  j u s t  below 
the upper bedding plane.  
f r a c t u r e  has  a d ip  which v a r i e s  from 10" NE t o  80" NE. The marked changes 
i n  f r a c t u r e  d i p  are due t o  very t h i n  bedding planes.  
i n t e r s e c t i o n  of t h e  two f r a c t u r e s  denotes t h e  absence of sand.  Refer r ing  
t o  Figure 2 ,  t h e  next  view of t h e  f r a c t u r e  system is a p lan  view of p lane  
E-E. The E-E p lane  is shown i n  Figure 4 .  The f a u l t  t o  t h e  l e f t  has r e t a rd -  
ed t h e  lateral  growth, as mentioned earlier, t o  t h e  nor th  and a new weak 
f a u l t  is  ev ident  between t h e  o the r  two f a u l t s .  The f r a c t u r e  is not  connected 

The secondary f r a c t u r e  is shown t o  t h e  l e f t .  
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across  the  f a u l t  t o  t h e  r i g h t  i n  this plane. 
f a u l t ,  t h e  f r a c t u r e  begins  t o  change bear ing  by approximately 40' t o  t he  
east. Another observat ion is that the secondary f r a c t u r e  system does not  
extend t o  t h i s  depth. 

On t h e  r i g h t  s i d e  of t h i s  

From t h e  observat ions of the placement of the sand and t h e  shape of t h e  
f r a c t u r e  system, i t  appears  that the f r a c t u r e  i n i t i a t e d  and grew i n  t h e  dawn- 
ward d i r e c t i o n  because of b a r r i e r s  due t o  the f a u l t  t o  t h e  no r th  and t h e  
p a r t i n g  plane above. The f a u l t  t o  the sou th  d id  not  s t o p  growth b u t  t h e r e  
is evidence t h a t  a marked change of i n  s i t u  stress e x i s t s  across  the  f a u l t  
because of t h e  d i r e c t i o n  change of t h e  f r a c t u r e .  Continued explora t ion  of 
t h i s  f r a c t u r e  is planned which inc ludes  i n  s i t u  stress determinat ions across 
the  f a u l t s  and bedding planes i n  add i t ion  t o  f u r t h e r  f r a c t u r e  examination. 

The above r e s u l t s  from t h e  mineback i n v e s t i g a t i o n  of t he  hydrau l i c  

I n  a uniform media, t h e  f r a c t u r e s  are vertical 
f r a c t u r e  experiments have demonstrated how d i f f e r e n t  geologica l  f e a t u r e s  
affect  f r a c t u r e  growth. 
w i th  a cons i s t en t  d ip  and bear ing.  
e n t ,  t h e  f r a c t u r e  growth may be  re ta rded  o r  r eo r i en ted .  
stress measurements and material property da t a  are being obtained t o  f u r t h e r  
quant i fy  t h e  observed f r a c t u r e  behavior i n  these  experiments. 

When f a u l t s  o r  bedding planes are pres- 
Addit ional  i n  s i t u  

MINEBACK TEST PROJECT 

The mineback experiments j u s t  presented have been performed as p a r t  of 
a nuc lear  containment program; t h e i r  commonality and a p p l i c a t i o n  t o  enhanced 
gas recovery is  obvious. An expanded scope of activit ies- is planned f o r  a 
r ecen t ly  i n i t i a t e d  Sandia Laborator ies  p r o j e c t  which is p a r t  of ERDA's En- 
hanced Gas Recovery Program and which is  aimed a t  t h e  understanding of com- 
p l ex  f r a c t u r i n g  processes .  This mineback test p r o j e c t  is intended t o  form 
a br idge  between t h e  design modeling and labora tory  s t u d i e s  and t h e  empiri- 
cal  f i e l d  production r e s u l t s  which are the b a s i s  f o r  today's f r a c t u r i n g  
technology. 

One view of the r o l e  of mineback t e s t i n g  is given i n  Figure 5. 
t u r e  s t imu la t ion  as undertaken today is ind ica t ed  by t h e  upper h a l f  of t h e  
f igu re .  Indus t ry  and s e r v i c e  company experience,  p lus  inpu t s  from w e l l  
logs  and o the r  geologica l  information,  r e s u l t s  i n  a f r a c  design,  t h e  frac 
job i n  the  f i e l d ,  and a f i n a l  evaluat ion.  This eva lua t ion  is based p r i -  
mari ly  upon gas production i n  combination wi th  the  ope ra t iona l  parameters 
( f l u i d  type ,  pumping rate, proppant, e t c . )  of t he  job.  The eva lua t ion  is 
empir ica l  i n  na tu re  wi th  t h e  experience con t r ibu t ing  t o  t h e  des ign  of 
f u r t h e r  jobs .  
u t e  d i r e c t l y  t o  production design and p r a c t i c e .  
Sandia would serve as a c a t a l y s t  i n  t h e  planning,conduct, and eva lua t ion  of 
a mineback f r a c t u r e  experiment. Evaluat ion he re  is  accomplished by d i r e c t  
observat ion of t he  produced f r a c t u r e  and c o r r e l a t i o n s  can be  made wi th  t h e  
ma te r i a l  p roper ty ,  f l u i d  behavior ,  phys ica l  desc r ip t ion ,  and ope ra t iona l  
parameters as l i s t e d .  Note t h a t  t h e  eva lua t ion  feeds back i n t o  the  same 
indus t ry-serv ice  company experience and knowledge base  used i n  production. 

A frac- 

Mineback t e s t i n g  o f f e r s  more information which can contr ib-  
As seen  i n  t h e  f i g u r e ,  

The Mineback T e s t  P r o j e c t ' s  ob jec t ive  is t o  understand, and thus  i m -  
prove, f r a c t u r i n g  processes  f o r  enhanced n a t u r a l  gas product ion from l a w  
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permeability remerrairs. Taaka contr ibut ing t o  thia objectfve are: (1) 
miaeback t e r t i n g  for d i r e c t  f r a c t u r e  obaewat€on and evaluation; ( 2 )  rock 
mechadca, f l u i d  dynamics, and geoch&cal s tudice required t o  i n t e r p r e t  
observed f r ac tu re  behavior; (3) incorporation of the r e s u l t s  i n t s  improved 
s t imulat ion d e i i p  d e b  and calculat ions;  (4) assessment and ca l ib ra t ion  
of logging and instrumentation techniquer f e r  f r a c t u r e  mapping and charac- 
t e r i za t ion ;  and (5) t e e t i n g  of innovative s t imulat ion techniques. 

I n d w t r y  and service company pa r t i c ipa t ion  i n  a l l  aspect8 of t h i s  pro- 
gram is esmntial. 
pa r t i c ipa t ion  i r  s o l i c i t e d  i n  thi .  paper. This p r o g r u  w i l l  provide a 
unique epportunity t o  quantify f r ac tu re  behavior and is not being done 
elsawhere t o  our knowledge. 

Such i n d u s t r i a l  i n t e r e s t  has been high, and fu r the r  

The trade-offs between number .ad scale of the experimentr and the 
C o a t s ,  t i n  and "real u t a t e "  c o m d  Cy mineback f o r  adequate characteri- 
zat ion M t  be careful ly  m e s s e d  i n  the t e a t  planning. Important experi- 
mental arc- include: (1) the e f fec t8  of d i f f e r e n t  f l u i d s ,  proppants, and 
pumping rch8dule6 upon proppant d i s t r i b u t i o n  and f r a c t u r e  conductivity; (2) 
i n t e r a c t i o n  ef the created f r ac tu re  vi th  naturally-occurring f r ac tu res  and 
formation in t e r f aces ;  (3) the  e f f e c t s  of d i f f e r e n t  or novel completion, 
preferat ion,  and f r a c  techniques upon f r a c t u r e  i n i t i a t i o n  and propagation; 
and (4) chemical anrplcmive f ractur ing.  I n i t i a l  te6tS would be  Small-SCale, 
but subsequent l a r g e r  testa w u l d  be conducted t o  ea t ab l i sh  sca l ing  param- 
eters apprepriatc  t o  MF. 
which underl ie  Cretaceoru formation ef the San Juan Basin is envisioned t o  
provide similar information i n  a mre repreaentat ive environment. 

Extension of these tests t o  deep uranium mines 

A f o n u t i o n  i n t e r f a c e  experiment is planned for la te  supIMr 1977. Hy- 
d r a u l i c  f r ac tu res  w i l l  be created d o r e  and b e l w  an ash-fall  tuff-welded 
t u f f  i n t e r f a c e  at  a depth of n., 13% f t .  
ing d e n s i t i e s  and Young's moduli€ of 1.77 and 2.19 g / m 3  and 0.24  and 
2.41 x lo6 psi f o r  the rsh-fal l  and welded t u f f s ,  respect ively.  

"ke tvo formatiam have contrast-  

Supportive reek mechenics, f l u i d  dynamics, and geophysical and geochem- 
ical s tud iea  w i l l  be pmrformed t o  a i d  Ln t h e  i n t e r p r e t a t i o n  of observed 
f r a c t u r e  behavier. 
i n  a f i e l d  awi-nt, of the laboratory and modeling e f f o r t s .  
p r o p e r t i w  f f r a c t u r e  teughners 
s t r a i n  ralatimrNpr, mf ro t r epp ,  ctc.)  rill be measured under d i f f e r e n t  
eetldit ioas of itrwv, t-erature, 8nd rater sa tu ra t ion .  Fluid dynamics 
during f r a c t r r i n g  izivelvem i n v e s t i t a t i o n  of f r a c  f l u i d  v i scos i ty  as a func- 
tion s f  t i m a t  a d  temperature, proppant a b i l i t y ,  and f l u i d  loss t o  the for- 
mation. ]rimally, t he  r e s u l t a n t  p e r m a b i l i t y  f o r  g a ~  flow from the formation 
t o  the f r a s t u r r  and almg a prepped f r a c t u r e  t o  the vr l l  w i l l  be iavesti- 
@tad and mnhled.  The g e ~ h y s i c r l  .nd g a o c h c ~ i c a l  e f f e c t s  of the forma- 
tim o i  these propmrttem vill recrivr p a r t i c u l a r  a t t e n t i o n  t o  make the 
results applicable t e  ether f i e l d  e m i r o a r a n t s .  

The mineback experiments w i l l  allow f o r  confirmation, 

s p a l l a t i o n ,  uniaxial  and t r i a x i a l  m tress- 
Formation 

The mineback teati vill be  wed f o r  the ansese-t and ca l ib ra t ion  of 
h t r u m e n t a t i e n  techniques f o r  f r a c t u r e  characterimtfen. Borehole and 
adjacent-atat ion 8elsaic techniques vhfch map the source of s igna l s  generated 
by the grovimg f r a c t u r e  appear promising but  are known t o  be complex. 
Electrical, d<8p l8ce~en t  via tiltmters, trace, and improved pressure 
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measurements w i l l  b e  inves t iga t ed .  
observed f r a c t u r e  c o r r e l a t i o n s  d l  be made. 
surement technique comparisons ell be  made i n  ffside-by-side" tests. 

Logging technique-in s i t u  property-- 
F i n a l l y ,  i n  s i t u  stress mea- 

CONCLUSLONS 

The f e a s i b i l i t y  of the i n  s i t u  examination of hydrau l i c  f r a c t u r e s  by 
mineback has been demonstrated. 
of i n  s i t u  stress d i s t r i b u t i o n s ,  material p r o p e r t i e s ,  and o t h e r  geologic  
f ea tu res  upon f r a c t u r e  behavior .  An expanded p r o j e c t  has been i n i t i a t e d  
aimed at  t h e  understanding of complex f r a c t u r i n g  processes  by c o r r e l a t i n g  
d i r e c t  f r a c t u r e  observat ions with labora tory  and modeling s t u d i e s  and f i e l d  
product ion experience. 
emphasized. 

Prel iminary r e s u l t s  have shown t h e  effects 

Applicat ions t o  enhanced gas recovery w i l l  be  
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TABLE I 

ASH-FALL TUFF ROCK PROPERTIES 

Bulk Densi ty  (gm/cc) 

Grain Densi ty  (gm/cc> 

P o r o s i t y  ( X )  * 
Modulus of E l a s t i c i t y  (x l o 6  p s i )  

P o i s s o n ’ s  R a t i o  

Bulk Modulus (x l o 6  p s i ) *  

Shear  Modulus (x l o 6  p s i ) *  

P e r m e a b i l i t y  ( m i l l i d a r c y )  ** 

1 . 7 7  

2.42 

44.6 

0.236 

0.312 

0.211 

0.111 

0.01 

* C a l c u l a t e d  

** H e l i u m  p e r m e a b i l i t y  test on 4.75-cm diameter  by 
5.18-cm l o n g  specimens.  T e s t  conducted on as- 
r e c e i v e d  specimen w i t h  zero  c o n f i n i n g  p r e s s u r e  
and 300 p s i  d r i v i n g  p r e s s u r e .  (Our exper ience  
shows w i t h  small  c o n f i n i n g  p r e s s u r e s  t h e  per-  
m e a b i l i t y  v a l u e s  may b e  one o r  two o r d e r s  of 
magnitude s m a l l e r . )  

TABLE I1 

DESIGN SCHEDULE FOR HOLE U12g10.5 

F r a c t u r i n g  F l u i d  PWG/FR26L 

p = 79 cp 

Schedule:  I n j e c t i o n  Rate = 4 b a r r e l s l m i n u t e  

Volume 

350 g a l  Pad 

450 g a l  1 l b / g a l  

4QQ g a l  2 I b / g a l  

4QQ g a l  3 1 b / g a l  

1600 g a l  TOTAL 

20-40 Sand-Black 

20-40 Sand-Red 

20-40 Sand-Blue 
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ABSTRACT 

The chemical characterization of the Devonian shales must involve examination of large amounts 
of data to ascertain which elements may be considered as independent variables and which, through 
their areal and stratigraphic variability, carry the greatest amount of geochemical information. 

Chemical determinations of 25 major, minor and trace elements have been made on 60 outcrop SUIP 

ples of the Devonian shale collected around the Cincinnati Arch. 
tigraphic control and, since all the material was weathered to some extent, the data probably repre- 
sent the maximum geochemical range to be anticipated in core samples. 
wide variability may be expected to be most useful in stratigraphic or areal analyses. These include 
V, CO, Ni, Zn, No, Ca, S, Y, Sr, and U. Other elements examined are unimodal with little variability 
and are probably least useful in this context. A relationship between concentrations of variable ele- 
ments and modal components is also noted. 

No attempt was made to provide stra- 

Elements showing bimodal or 

INTRODUCTION 

Modern analytic instrumentation allows the determination of a large number of chemical elements 
in geologic materials with such speed and precision that data may often be accumulated at rates be- 
yond the capacity for geochemical interpretation of the problem in hand. Indeed, too much data aay 
obscure the more important and useful aspects of a study. In these circumstances, it is requisite 
that the intended use of the geochemical information be kept clearly in mind and that every effort 
be made to cull out such data as will contribute only noise. 

Several procedures for selecting those elements which carry a high geochemical information con- 
tent are available and this work is, in part, an example of their application. The procedure io out- 
lined below: 

I. 

ally unaffected by diagenetic processes and post-consolidation solutional activity. 

abundance is so low as to require preconcentration. 

11. Selection of elements from reconnaissance data: 

determination of elements contributing no information should cease thereafter) 

variation. 

Preselection of elements for study: 
include: 

exclude: 

elements of possible commercial value or environmental hazard and elements gener- 

elements of high mobility in the sedimentary environment and those whose natural 

(acquisition of an adequate data base is essential at the outset of a study but contiwed 

include: elements acting as independent variables and having a recognizable statistical 

$reseat address: Department of Chemistry, University of California-San Diego, San Diego, CA 
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exclude: 
inter-sample variability. 

one or the other of element pairs showing strong covariance and elements showing little 

Application of these general procedures will usually lead to the selection of minor and trace 
elements (high variance, cohesive distribution patterns) of small size and high charge (geochemical- 
ly stable) and eliminate such typically invariant major elements as silicon, aluminum, or iron as 
well as the highly mobile alkali metals. 

ANALYTICAL TECHNIQUES 

Sixty outcrop samples were collected from the exposed belt of Devonian Black Shale around the 
Cincinnati Arch in Kentucky. Collection sites were selected to afford maximum coverage with a 
minimum number of samples. 
each Kentucky Carter Coordinate Quadrangle in the exposed belt. No attempt was made to provide Stra- 
tigraphic control. Further, the samples were all weathered to some extent. The samples were crushed 
in a jaw crusher and subsequent splits of the resultant pea-size material taken for the various ana- 
lytical methods described below. 

To this end, an attempt was made to collect at least one sample from 

Gamma-ray Spectrometry 

Sample splits taken for the determination of U, Th, and K were further reduced to -100 mesh in 
The resulting powder was homogenized and approximately 150 g sealed in a a puck and ring grinder. 

25 x 75 mm can. All samples were set aside for at least two weeks to allow attainment of radioact- 
ive equilibrium with radon which may have been lost in the grinding process. The pulverizingprocess 
was checked for contamination by preparing samples of quartz and dunite: 
was detected. 

no increase in activity 

U ,  Th, and K were determined by gamma-ray spectrometry using a 75 x 75 mm thallium activated 
sodium iodide detector. All counting took place inside a lead brick castle with walls at least 50 
mm thick. The detector was coupled to a TracorINorthern TN1705 1024 channel pulse height analyzer 
with teletype output. Counts were made at three energy levels in order to solve for the three un- 
knoyr4count rates (U, Th, K). The 1.47 MeV peak (K40) was usejogor potassium, the 1.76 MeV peak 
(Bi in the uranium series) for U, and the 2.62 MeV peak (TI in the thorium series) for Th. 

The y-ray spectrometric system was calibrated using standard radioactive samples acquired from 
the Canadian Certified Reference Materials Project and U.S. Atomic energy standard consisting of 
uraninite diluted with dunite. KC1 was used as the potassium standard. Precision of the analyses 
was checked by replicate sample determinations and by estimate of counting precision using the 
method of Loevinger and Berman (1951). 
tion of close to 2% as calculated by replicate determinations and thorium generally had a coefficient 
of variation of about 5%. These values were always less than the errors calculated using only count- 
ing statistics. 

Uranium determinations generally had a coefficient of varia- 

X-ray Fluorescence Spectrometry 

Na, S, Ti, Ni, Cu, Rb, Sr, Y, and Zr were determined using x-ray fluorescence spectrometry,. Sam- 
ple splits were reduced to -250 mesh in an agate mortar and pestle and homogenized. 
were then pressed into a boric acid backed pellet. 
vaccum x-ray spectrometer. 
techniques of Reynolds (1967) and Feathers and Willis (1976). Analytical calibrations employed the 
use of international rock standards and secondary standards produced at the University of Kentucky. 

Optical Emission Spectrography 

Close to 3 g 
Determinations were made on a Philips 1410170 

Mass absorption coefficients and backgrounds were calculated using the 

Al, B, Ca, Co, Cr, Cu, Fe, Ga, Mg, Mn, Mo, P, Pb, Si, V, Zr were determined by optical emission 
spectrography employing a large quartz-glass, Littrow-mounted prism instrument manufactured by Adam 
Hilger, Ltd. Sample splits were -100 mesh powders mixed with equal parts by volume of specpure 
graphite powder and tamped into 1.5 x 3 mm craters in 3 mm diameter prea rcedspecpureg raph i t e  elec- 
trodes. Sampleswerearced to completion as the anode at 3 amperes using a 6.4 mm diameter carbon 
counter-electrode and a 7 mm analytic gap. Incident lightwas focused on the collimating lens of the 
spectrograph after passing a rotating mechanical sector having a 4n aperture ratio located at the 
entrance slit. 

0 Spectra were recovered on Kodak Spectrum Analysis-1 plates, developed for 4 112 minutes at 19 C 
with constant stirring in a temperature controlled tank, fixed, washed, rinsed with distilled water, 
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and air dried. 

Photometry was accomplished by use of Jarrell-Ash Co. nonrecording digital microphotometer- 
comparator. Line density and background were recorded and transformed to concentration values 
through the use of appropriate standards. 

+ The precision of the spectrographic method is not high, usually being - 5-15% of the reported 
value, but is generally more than adequate for trace element comparisons whose natural variations 
are often integral multiples. 

RESULTS 

For simplicity, the reduced data is presented as 1) histograms summarizing each element's dis- 
tribution and 2) "blot plot" maps of relative concentration of elements showing regional variabil- 
ity. The logarithm of the concentration is used as the abscissae in the histograms to normalize 
the data and allow direct visual comparison of the chemical variability from plot to plot. On each 
diagram, an open triangle represents the concentration of the element in " A P S C " ,  an Appalachian Pa- 
leozoic Shale Composite collected by Julian Feiss, Kennecott Copper Corp., along the Pennsylvania 
Turnpike and composited by thickness. 
shale and is routinely used in this laboratory as a reference material. 

APSC is thought to be representative of the average Paleozoic 

As discussed earlier, elements (or oxides) showing a bimodal distribution or wide variability 
as expressed by the histograms (Figs. 1, 2, 3) may be expected to be most useful in distinguishing 
stratigraphic units and in kerogen type discrimination. Taking phosphorus as 1.00 to be the least 
useful in this context (Fig. 1) the elements and their relative discriminatory values are given in 
Table 1. 

U and Th distributions are given in Fig. 4 and show the latter to be relatively invariant with 
an average value of 9.8 ppm for Th. Potassium was also found to be relatively invariant with an 
average value of 2.96% as K20. 
5 to nearly 80 ppm with an average for the 60 samples of 36.4 ppm. The histogram of uranium content 
is either bimodal or has a strong positive skew; assuming bimodality, modes are at about 15 and 4 4  
ppm. The U/Th ratio, shown in Fig. 4 ,  has an average value of 3.71 close to that of A P S C ,  4.00.  
The possible presence of two populations of uranium is supported by the U/Th histogram. 

Uranium, however, shows a wide concentration range from less than 

In light of the variability shown by the determined elements, a consideration of the geochemi- 
cal properties of the elements may be made leading to conclusions as to their usefulness for stra- 
tigraphic discrimination. Table 2 presents the elements listed in groups according to their dis- 
criminatory value. 
and may change on examination of unweathered core material. The outcrop data, however, probably re- 
presents the maximum geochemical range to be anticipated in core samples. 

It should be remembered that the data is directly applicable to outcrop data 

Regional chemical variations of the elements showing most promise as discriminatory are shown 
in Figs. 5, 6, and 7. A bold interpretation of regional chemical trends, where recognized, is in- 
dicatedbydashed iso-concentration linesontheplots (Fig. 6 ) .  
erly to east-west strike and suggest regional chemica lchanges inagenera l ly  north-south direction. 

If the uranium and yttrium are associated with a heavy mineral suite as they commonly are in 

Theselines all haveaneast-northeast- 

sedimentary rocks, a close correlation of these elements might be expected. 
of the elements (Fig. 5) shows a tendency toward correlation in the eastern and southern exposed 
areas. The association breaks down in the area south of Louisville where yttrium is depleted in 
the same area of a uranium anomaly. The pattern for Mo, however, follows that for U quite closely. 
This feature is also shown by Fig. 8. This relationship between U and Mo is not well understood 
and is under study at this time. A covariance of uranium and organic carbon (100 - % Ash) is shown 
by Fig. 9.  More scatter is observed than might be expected but this may be explained by the varying 
degrees of alteration of these outcrop samples. 

The regional variance 

Trace elements of the First Transition Series seem to correlate rather well. Cobalt (Fig. 7 )  
and Nickel (Fig. 6 )  both increase to the south and vanadium, while exhibiting the same southerly 
increase (Fig. 7) does so at a slower rate. 

Three distinct VfNi ratios seem to be evident on Fig. 10 but these are not geographically dis- 
cernable. On the other hand, CrfNi ratios (Fig. 11) havedistinct geographic relationships. This 
feature may prove to be stratigraphically controlled and explained by detailed studies of core and 
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outcrop sections. 

Iron and sulfur (Fig. 12) values are generally correlatable and corroborates mineralogic evi- 
dence of pyrite being the sole residence of sulfur in these rocks. 
great bulk of Fe is pyritiferous. 

Kerogen Discrimination 

It may also indicate that the 

An attempt is being made to distinguish terrestrially-derived from marine-derived kerogens on 
the basis of their inorganic chemical content. It is presumed that the elements of interest are 
originally adsorbed on the kerogen and that a different suite or proportion of critical elements 
will be present in the different kerogen types. It is recognized, however, that sample processing 
may remove or alter the concentrations of elements of interest and both concepts require testing. 

To date, a routine has been developed for the separation of the kerogen fraction from the sha- 
The flow sheet for sample preparation is shown as Fig. 13 where boxed products are sa- le samples. 

tisfactory for inorganic analysis. To identify those elements which may be useful in the charac- 
terization of kerogen, a sample of New Albany shale has been treated along with a portion of the 
Appalachian Paleozoic Shale Composite (APSC) described above. Comparison of element concentrations 
between APSC is quite argillaceous and kerogen-poor while the black shale sample is arenaceous and 
karogen-rich. The element enrichments nay thus be ascribable to adsorption on kerogen in the black 
shale. 

The benzene extraction process removed approximately 7 percent by weight of soluble hydrocar- 
bons from the New Albany Shale but had no appreciable effect on the concentration of the inorganic 
constituents except for boron. This element was reduced to one-half its original concentration 
and, therefore, must be markedly concentrated in the extracted substances. 

The kerogen content of the New Albany sample amounts to approximately 13 percent by weight. 
The kerogen contains detectable quantities of Cr, Cu, Fe, Pb, Mn, Mo, Ni, P, Si, Ti, and Zr. Boron 
could not be determined because of the use of boric acid in the silicate dissolution process. 
should be noted that Cu, Fe, Mo, Ni and Zr are particularly high. 

It 

On consideration of the geochemical properties of these elements coupled with the probable ef- 
fectsofsample processing, conclusions may be drawn regarding the relative usefulness of these ele- 
ments for kerogen discrimination. This data is presented as Table 4. 

SUMMARY 

One of the tasks of the Eastern Gas Shales Project is to search for methods of stratigraphic 
interpretation and kerogen discrimination using inorganic chemistry. To this end, an attempt is 
made to evaluate the usefulness of various elements for discriminatory purposes. 
precess m e t  includegeochemical reasoning to select those elements whichhave potential commercial 
value, thosewhich may have environmental impact, thosewhicharegenerally unaffected by secondary 
processes. 
obtained in a reconnaissance study to evaluate the variability of the elements in the lithology 
under study. 
may be eliminated. 

The selection 

This suite, of preselected elements can be further reduced by consideration of results 

At this stage, elements which show little variability or act as dependent variables 

T h e  results of this study show that the elements Cu, Cr, Pb, Ga, Fe, Mn, Y ,  U, V, Na, Co, Ni, 
S ,  Mo, and Ca may be best for stratigraphic interpretation. Similarly, Cr, Cu, Ni, Mo, and Pb may 
prove best for kerogen discrimination. 
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TABLE 1 

Relative discriminating values of elements and oxides based on a value 
of 1.00 for phosphorus. 

UNfEaODAL DISTRIBUTION 

1 1.00 
sio2 1 . 1 5  

B 1.20 

Rb 1 . 4 0  

Sr 1 . 4 0  

TiOp 1 . 5 4  

"2'3 2 . 3 0  

b0 2 . 7 0  

Zr 
cu 

S 

Cr 
Pb 
Ga 

Fe203* 

MnO 

Y 

U 
V 
Ce 

BIMODAL DISTRIBUTION 

2 . 7 0  

2 . 7 8  

2.87 

3 . 2 2  

3.57 

4 . 0 0  

4 . 3 5  

5 . 5 5  

1.17 
3 . 4 9  

4 . 4 5  

4 . 8 7  

Ni 5 . 5 5  

Na20 6 . 2 5  

Mo 8 . 0 0  

CaO 3 3 . 0 0  

TABLE 2 

?rtlirinary listing of usefulness of elements for stratigraphic 
dincririaatim. 

5 

Excellent - CaO, U, Mo, Co, Ni 
G o d  - Na20, V, Y, S, MnO, Fe, Ga 
l a i r  - Pb, Cr, Cu, K 
1mr - P ,  S i02 ,  B, Ti02, A1203,  MgO, Zr, Rb, Na, Sr 
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TABLE 3 

Comparison of elemental concentrations between the Appalachian Paleozoic 
Shale Composite and the New Albany Shale. 

Element 

A1 

B 
Ca 

co 

Cr 

cu 

Fe 

Ga 

Mg 

New Albany/APSC 

0 .53  

1 . 4 3  

0.29 

1 .75  

0.70 

2.07 

0.78 

0.69 

0.51 

Element 

Mn 

Mo 

Na 

Ni 

P 
Pb 

Si 

Ti 

V 
Zr 

New Albany/APSC 

0.62 

4.67 

0.32 

1 . 9 1  

0.92 

0.68 

1 . 0 5  

0 .74  

0 .83  

0.81 

TABLE 4 

Relative usefulness of some elements for kerogen discrimination. 

Good - Cr, Cu, Ni, Mo, Pb 

Possible - Fe, Mn, P, Ti 
Unlikely - Si, Zr 
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Figure 1.- Histograms showing variability of Cu, Pb, Sr, Rb, Ga, Zr, P, B 

The open triangle represents the value 
in Devonian shale outcrop samples. Class interval in each case 
is equal to log10 1.2. 
for the Appalachian Paleozoic Shale Composite A P S C .  

CLASS INTERVAL =  LO^, 1.2 

'1 
h- i 
I 

Strontium Rubidium 
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i 
COO 

EGS-4 

n. 

Fig. 2. Histograms showing variability of Si02, Al2O3, TiO.2, Fe2O3*, 
CaO, MgO, Na20, Co, Ni. 
1.2. The open triangle represents the value for APSC. 

Class interval is equal to loglo n 
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Uranium 

5 I 0  

Fig. 4 .  Histograms showing the variability of U and U/Th. 
interval is equal to loglo 1.2. 
value for APSC. 

The class 
The open triangle gives the 
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Figure 13.- Flow s h e e t  for sample p repa ra t ion  t o  i s o l a t e  kerogen i n  
Devonian s h a l e  samples. 
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WIRELINE EVALUATION OF THE DEVONIAN SHALE: 
A PROGRESS REPORT 

Jon Hilton, Schlumberger Well Services, Wooster, Ohio 

ABSTRACT 

Wireline evaluation of the Devonian shale has always been difficult because of the Complex 
nature of the formation. 
of independent operators have presented an opportunity for some much-needed study of the problems. 

However, research projects of recent years and the growing interest 

To understand the problems of log analysis, it was first necessary to understand the 
lithology and its affect on log response. 
what information was required for evaluation and how this information could be found. 

Once this was known, the next step was to determine 

Since the lithology of the Devonian shale is complex, a comprehensive logging program was 
To obtain the maximum value from the program, a computer-processes interpretation, 

The output of this program is a qualitative 
needed. 
"Kerogen Analysis", was developed by Schlumberger. 
analysis of the reservoir. 
recognized. 
been very useful for this purpose. 

In addition, the need of a positive fracture-detection system was 
Resistivity-profile measurements and the Fracture Identification Log (FIL*) have 

INTRODUCTION 

Although the Devonian shale in the Appalachian Basin has been known to be productive for 

However, the gas shortage of recent times and the accompanying increase in 
many years, the interest of the industry has been limited because of the technical and economic 
problems involved. 
industrial drilling have focused some much-deserved attention on this formation. 

With this attention came the realization that existing wireline techniques were inadequate 
Fortunately, on-going research projects have permitted the adaptation of for proper evaluation. 

existing logs and interpretation techniques (both computer-processed and wellsite) to the 
analysis problem in Devonian shales. The short-term objectives have been: 

. to identify hydrocarbon-bearing zones within the section. 

. to identify permeable intervals within the section. 
The first objective has been accomplished, at least qualitatively, with the computer- 

processed interpretation called "Kerogen Analysis". This program uses data from several down- 
hole services, and the output is a rather complete formation analysis. Permeable zones, which 
at the present are believed to result from fractures, have been successfully located by means 
of shallow-reading resistivity tools andfor the Fracture Identification Log. 

GEOLOGY 

The Devonian shale, which is a widespread Chattanooga age marine shale, has been known by 
many names: Brown, Black, Antrim, New Albany, Cinnamon, and Ohio. Fig. 1 is a typical Gamma MY- 
Neutron 
below the Berea sandstone and Bedford shale to the top of the Columbus lime. 
range in thickness from a few hundred to a few thousand feet. 

log from the State of Ohio. It shows that the Devonian shale section extends from just 
The section can 

*Mark of Schlumberger. 
Figures are placed at the end of the paper. 

68 



2 WIRELINE EVALUATION OF THE DEVONIAN SHALE: A PROGRESS REPORT EGS-5 

Production is known to occur in several zones within this section. 
the basin, sandstones and silts exist just below the Bedford shale, as shown by Zone A. 
duction has also come from the "Brown and Black" shales, which includes the Marcellus shale, 
shown as Zone B. 
analysis, only the Brown and Black shales will be considered from this point forward. 

In certain portions of 
Pro- 

Since the sandstones and siltstones lend themselves to more conventional log 

Core analysis has shown that the mineral content of the Brown and Black shales commonly 
consists of quartz (approximately 40 percent), illite (approximately 40 percent) , chlorite, 
and kaolinite. Various trace elements, such as pyrite, uranium, thorium, titanium, barium, 
and boron, have also been found. 
organic matter. 

In addition, the shale can contain as much as 15 percent 
This matter is identified as Kerogen, a light hydrocarbonic solid. 

There is still some question about the maximum porosity that can be expected; however, it 
is generally believed that it seldom exceeds 5 percent. 
to a system of natural fractures. 
suggest that production comes from fracture systems. 

A portion of this porosity can be due 
Matrix permeability values, generally less than 0.1 millidarcy, 

OBJECTIVES OF LOG ANALYSIS 

As with most other formations, the ultimate log analysis would result in the calculation of 
Since this total evaluation is somewhere in the future, the volume of producible hydrocarbons. 

short-term goals have been set. 
the section. 
fractures (permeability) are present, production may be expected. 

The first of these goals was simply to locate hydrocarbons within 
The second was to locate any natural fracture systems. When both hydrocarbons and 

This information permits us to restrict our interest to only those zones which contain both 
hydrocarbons and fractures, eliminating all others. 
fied and made more efficient. 

Stimulation procedures should thus be simpli- 

To meet these objectives, the present log-based evaluation consists of determining: 

. Pore space 

. Hydrocarbon saturation 

. Clay volume 

. Kerogen volume 

. Fracture detection 

LOG RESPONSE 

As stated previously, conventional log analysis appears to be inadequate when dealing with 
This is due to the several minerals and Kerogen that can be present theBrown and Black shale. 

in varying quantities. 
minerals. 
examined individually. Typical responses are summarized in Fig. 3 ,  and examples of actual logs 
(Gamma Ray, FDC* Density, CNL, Dual Induction-Laterolog*-8, and BHC* Sonic) are shown in Figs. 4, 
5, and 6 .  

Fig. 2 shows densities and CNL* Neutron responses for some of these 
To permit an appreciationofthe problems encountered, several log types will be 

1. Gamma-Ray--In Zone A, the curve response is approximately 120 AF'I units. This is the 
Zone B, on the other hand, exhibits a much higher level of 

This higher response is due to the presence of larger quantities of uranium and 
normal response in a shale section. 
radioactivity. 
thorium. 
clay content. 

2. 

Conventional log analysis depends very heavily on the Gamma Ray for determination of 
However, this technique can be misleading when dealing with the Devonian shale. 

FDC Density--The porosity in the example is computed from the Density log, assuming a 
limestone matrix. 
porosity in Zone B appears much higher due to the presence of Kerogen which, we will see later, 
has a very low density. 

The normal shale response of 2 to 5 porosity units is seen in Zone A. The 

*Mark of Schlumberger. 
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3. CNL Neutron--This neutron porosity is also computed assuming a limestone matrix. The 
porosity indicated in Zone A is in the 22-25 percent range. The neutron porosity in Zone B is 
higher, due to the presence of Kerogen, a hydrocarbon, which contributes to the hydrogen index 
and thus, to the porosity indicated by neutron logging systems. 

4 .  Resistivity (Dual Induction-Laterolog-8)--The resistivity in Zone A is in the 15-20 
ohm-m range. Because of the Kerogen, Zone B exhibits a much higher resistivity. 

5. BHC Sonic--70 to 80 microseconds per foot is the interval transit time expected in a 
normal, highly compacted shale. This is the response in Zone A. Zone B has a longer transit 
time because of the presence of Kerogen. 

The Brown and Black shales, thus the zones of interest, can be readily identified from the 
raw log data. 
is an unrealistically high porosity and correspondingly low water saturation. 

However, when these data are used directly in a routine log analysis, the result 
The problem 

the presence of Kerogen. It is a hydrocarbon and is seen as such by the logs. However, in 
mechanics of normal fluid production, it is a matrix constituent. 

is 
the 

To eliminate the problem, the volume of Kerogen must be determined and the log data 
corrected for its effects. This is the basis of Kerogen Analysis. 

Kerogen Analysis 

Due to the complex nature of the Devonian shale (i.e., varying mineral and Kerogen content 
and relatively low porosity and permeability) a rather extensive logging program is required for 
complete analysis. This program consists of the logs discussed previously, namely: 

1. Gamma Ray 

2. FDC Density 

3.  CNL (or SNP) Neutron 

4 .  BHC Sonic 

5. Dual Laterolog Dual-Induction Laterolog-8 

The CORIBAND*lY2 computer program was introduced some years ago for analysis of complex 
lithologies. To evaluate the Devonian shale, this technique was modified, resulting in the 
Kerogen Analysis program. It is based on known and assumed matrix characteristics of Kerogen, 
silt, and clay, as shown in Fig. 7. From this information, various crossplots can be made and 
the volume of the organic material calculated. The most useful crossplots appear to be the 
Neutron-Density, Fig. 8, and Sonic-Density, Fig. 9. 

Kerogen volume is determined from the above crossplots by comparing the distance from the 
data point (x) to the Silt-Clay line with the distance of the Kerogen point from this same line. 
The Kerogen volume is selected from the minimum value from the two crossplots. The data point is 
then shifted to the Silt-Clay line, along the line projected through the data point from the 
Kerogen point. The Kerogen-free data thus obtained is then analyzed by CORIBAND. 

The results of the computations are coded and presented as shown in Fig. 10. 

TRACK 1 -- Formation Characteristics 

- Secondary porosity indicator (cross-hatched areas) 
This indicates porosity other than intergranular, such as fractures or vugs. 

- Gamma Ray (dotted curve) 
A reduced-scale Gamma Ray used for correlation. 

- Average grain density (solid curve) 
A computed apparent grain density, including clay. 

*Mark of Schlumberger. 
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TRACK 2 -- Product ion  C h a r a c t e r i s t i c s  

- Water s a t u r a t i o n  
The percentage  of c l ay - f r ee  pore  space  f i l l e d  wi th  water. 

TRACK 3 -- P o r o s i t y  and F l u i d s  Analys is  by Volume 

- P o r o s i t y  
The curve  t o  t h e  l e f t  r e p r e s e n t s  t o t a l  c l ay - f r ee  po ros i ty .  

- Water - f i l l ed  p o r o s i t y  
The curve  t o  t h e  r i g h t  r e p r e s e n t s  t h e  pore space  t h a t  is  w a t e r - f i l l e d .  

- Hydrocarbon-fil led p o r o s i t y  
The area between t h e  t o t a l  p o r o s i t y  and w a t e r - f i l l e d  p o r o s i t y  curves .  

- Cal ipe r  minus b i t  s i z e  
This  curve  r e p r e s e n t s  h o l e  s i z e  minus b i t  s i z e  i n  inches .  

TRACK 4 -- Formation Analys is  by Volume 

- Clay volume 
The l e f tmos t  curve r e p r e s e n t s  t h e  percentage  of c l ay .  

- Kerogen volume 
This  is t h e  area j u s t  t o  t h e  r i g h t  of t h e c l a y  volume, a l s o  a percentage .  

- Other m a t r i x  
This  area r e p r e s e n t s  t h e  percentage  sum of a l l  o t h e r  s o l i d s  p r e s e n t  i n  t h e  formation. 

- Poros i ty  
Clay-free p o r o s i t y ,  as p resen ted  i n  Tract 3 .  

I n  a d d i t i o n  t o  t h e  f i l m  d i s p l a y ,  a t a b u l a r  l i s t i n g  i s  a l o s  p re sen ted ,  as shown i n  Fig.  11. 
The informat ion  i s  i d e n t i c a l  w i th  t h e  fo l lowing  except ions :  

1. Column 6 -- Average g r a i n  d e n s i t y  of m a t r i x  o t h e r  than  c l a y .  

2.  Column 8 -- Cumulative p o r o s i t y  f e e t .  

3. Column 9 -- Cumulative hydrocarbon f e e t .  

F i e l d  Example of Kerogen Analys is  (Fig.  12)  

This  i s  an  example of a w e l l  i n  Northern Ohio which w a s  completed by r e fe rence  t o  t h e  
Kerogen Analys is  log. 
each p o i n t  i n d i c a t e d  by an arrow i n  Track 3. 
hydrocarbons (Track 3) and secondary p o r o s i t y  (Track 1 )  w e r e  i nd ica t ed .  

Casing w a s  set  through t h e  i n t e r v a l  and p e r f o r a t e d ,  one p e r f o r a t i o n  a t  
The p e r f o r a t i o n s  were p laced  a t  p o i n t s  where both  

The w e l l  w a s  hydro-fraced. A f t e r  a pe r iod  of c leanup,  a Temperature survey w a s  run  to 
l o c a t e  gas  e n t r y  i n t o  t h e  borehole ;  a reduced-scale tempera ture  curve i s  shown i n  Track 3. 
Although t h e  tempera ture  survey i s  not  completely d i a g n o s t i c ,  i t  does i n d i c a t e  t h a t  gas  was 
be ing  produced from those  zones s h a m  by Kerogen Analys is  t o  con ta in  hydrocarbons. 
t h e  volume of gas produced by t h i s  w e l l  w a s  t oo  low t o  c o n s t i t u t e  a commercial success .  

F r a c t u r e  De tec t ion  

However, 

A s  s t a t e d  p rev ious ly ,  t h e  e x i s t e n c e  of a n a t u r a l  f r a c t u r e  system i s  of t h e  utmost importance 
i f  t h e  Devonian s h a l e  i s  t o  be product ive .  
w i th  vary ing  degrees  of success .  

To d a t e ,  t h r e e  s e p a r a t e  techniques  have been used 

7 1  



EGS-5 JON HILTON 5 

1. Secondary porosity calculation; Kerogen Analysis 

2. Resistivity profile 

3.  Fracture Identification Log 

The following examples of fracture location with Kerogen Analysis and resistivity profiles are 
all from the same zone of the same well. 

Secondary Porosity: Kerogen Analysis 

In the earlier discussion of Kerogen Analysis, it was stated that corrections were applied to 
the log values for the presence of Kerogen. 
and light hydrocarbons. After these corrections, lithology is determined, and secondary porosity 
is found from the following relationship: 

Other corrections are made for the effects of clay 

Q 2  
' N-D-dSV 
'N-D 

where d = secondary porosity 

~ N - D  = Neutron-Density crossplot porosjty 

QSV = Sonic porosity 

Fig. 1 3  is an example of a well in West Virginia in which the shale section was cored. In 
Track 1 there is a comparison of the secondary porosity indicated by Kerogen Analysis and the 
fractures found in the core. It can be seen that there is some correlation; however, a more 
positive fracture detection system is needed. 

Resistivity Profile 

The qualitative analysis of resistivity-profile variations is a long-established technique 
for locating permeable zones. 
permeability, this technique seems to work quite well in the Devonian shale. 

Even though we are searching for fractures instead of intergranular 

When dealing with a permeable zone and a salt mud system, a resistivity profile similar to 
Fig. 14 would be expected. 
resistivity than the undisturbed formation, due to invasion by the conductive drilling fluid. 

The portion of the formation near the borehole would exhibit a lower 

Fig. 15 is a Dual Induction-Laterolog*-8-Microlaterolog* combination. There are four 
resistivity measurements, each having a different depth of investigation. The Deep Induction is 
the deepest measurement, then in order of decreasing depth of investigation we have the Medium 
Induction, Laterolog-8, and Microlaterolog. Also shown are the fractures found in the core. The 
resistivity profile indicated by the character of the log curves suggests that invasion of a low- 
resistivity fluid has occurred. 
fractures seen in the core and the invaded (therefore permeable) zones. 

It can be seen that a very good correlation exists between the 

Fracture Identification Log 

The log presentation of Schlurnberger's High Resolution Dipmeter has been modified SO that it 
can be used for fracture detection.+ 
evaluation. 

The technique is similar to that used in resistivity-profile 

The HDT* is designed to detect changes in conductivity. This is accomplished by using four 
focused electrodes on sidewall pads. The pads are spaced 90° apart so that all four sides Of the 
borehole are covered. 
Any conductive fluid in a fracture will be detected if one or more of the pads cut that fracture. 
Fig. 16 illustrates the expected curve response. 

* Mark of Schlumberger 
t The suggestion for this overlay presentation is credited to John Humston of Hughes and Hughes, 

A separate conductivity-sensitive curve is recorded for each electrode. 
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For fracture detection the log presentation of the High Resolution Dipmeter has been modified. 
It was found that by stacking curves from adjacent pads (1 and 2, 3 and 4 )  and by recording the 
curves on a 1:48 scale (25 inches = 100 ft.), a fracture will usually be seen on only one of each 
pair, and will thus produce separations between the two. 
across a section of Devonian shale. 

Fig. 17 is an example of an FIL* run 
The curve separation is quite apparent. 

CONCLUSION 

The original objectives of locating hydrocarbons and natural fractures in the Devonian shale 
have been met. 
evaluation of the Kerogen Analysis, but in the meantime it can be used qualitatively. Positive 
fracture detection, on the other hand, appears to be a reality. Either the resistivity profile 
method or the Fracture Identification Log provides satisfactory fracture identification under the 
conditions described here. 

More data is required, from both production and cores, to permit a more definitive 

The logging program required to obtain the reservoir evaluation, including fracture detection, 
is as follows: 

1. 

2. 

3 .  

4 .  

5 .  

6 .  

Gamraa Ray 

FDC* Density 

CNL* or SNP* Neutron 

BHC* Sonic 

Dual Laterologk Dual Induction-Laterolog-8 

Microlaterolog* and/or Fracture Identification Log 

*Mark of Schlumberger 
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Fig. 1 - Typical Devonian shale wequence in Ohio. 
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MINERAL DENSTIES e CWL POCK)SITY 

po(qn/et) &(- 1 
KAOUNlfE 2.65 51 
CHLORITE 2.62-3.00 26-54 
ILLlTE 2.58-2.65 20-30 
PYRITE 5.0 -6.7 

Fig. 2 

Fig. 3 Fig. 5 - Dual Induction. name interval a. Fig. 4.  
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Id 

Fig. 7 - Parameters usad in Kerogen Analysis processing. 

w 
At, micronc/ft 

4C"L (La.) 

Fig. 8 - A typical N-D crossplot in Karogen-bearing sbl.. 

Fig. 9 - A Sonic-Density crossplot from the same zone as Fig. 8 .  

Fig. 10 - Representative output of the Kerogen Analysts. 
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Fig. 1 1  - Tabular lilting of Fig .  10 data. 

Fig. I2 - Computed log ahown une of Kempen Analysia in gulding 
completion. 
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3 b U  

Fig. 1 

RXO *i 

/ 
+ 

* t  

DISTANCE FROM 
BOREHOLE INCREASES 

I 1.2.- I .I 

[Fracturor 

Fig. 15 - Re8i8tivity log with four different depth8 of inveitigation 
.how8 influence of 8.1t-u~ud invasion. 
aith fracture8 (mhaded). 

Note corralation 

Fig. 14 - Schematic croas-8ection mhowing as8umed resistivity profile. 
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CONDUCTIVITY 
INCREASES - 
I 2 3 4  

Fig. 16 - Schematic of Fracture Identification logging model; 
transverse fracture is seen by opposing pads. 

Fig.  17  - A typical FIL, showing separation. between adjacent-pad 
recordings when fractures are present. 
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UPDATE ON THE LLL GAS STLMULATION PROGFUM* 

M. E .  Hanson, R. J.  S h a f f e r ,  J. R. Hearst, G. D. Anderson, 
D. N. Montan, H. C. Heard, and D. Emerson 

Lawrence Livermore Laboratory,  Un ive r s i ty  of C a l i f o r n i a  
Livermore, C a l i f o r n i a  94550 

ABSTRACT 

This  r e p o r t  d i s c u s s e s  t h e  progress  and c u r r e n t  s ta te  of t h e  Lawrence 
Livermore Laboratory r e s e a r c h  program on t h e  s t i m u l a t i o n  of t i g h t  gas  reser- 
v o i r s .  This is p r i m a r i l y  a t h e o r e t i c a l  and l a b o r a t o r y  program; however, t h e  
a p p l i c a t i o n  and i n t e r p r e t a t i o n  of geophysical  logging is an  e s s e n t i a l  p a r t  
of it. The t h e o r e t i c a l  h y d r a u l i c  f r a c t u r i n g  models i n  t h e i r  c u r r e n t  s ta te  
of development show t h a t  as the pore p r e s s u r e  i s  inc reased ,  t h e  m a t r i x  stress 
around a f r a c t u r e  becomes more t e n s i l e .  Laboratory experiments ,  which use 
unconfined specimens, show t h a t  bo th  t h e  c h a r a c t e r i s t i c s  of a l a y e r  and t h e  
mechanical p r o p e r t i e s  of t h e  ad jacen t  materials c o n t r o l  t h e  f r a c t u r i n g  i n  
t h e  region of t h e  l a y e r .  W e  have acquired and i n t e r p r e t e d  some long-period 
seismic logging da ta .  The p re l imina ry  a n a l y s i s  i n d i c a t e s  gas-producing 
f r a c t u r e s  i n t e r s e c t i n g  t h e  wel lbore.  Other f r a c t u r e s ,  which are e i t h e r  
b a r r e n  o r  do not i n t e r s e c t  t h e  wel lbore,  are a l s o  i n d i c a t e d  by t h e  d a t a .  
Mechanical measurements of t h e  Devonian s h a l e  i n d i c a t e  f a i r l y  uniform 
mechanical c h a r a c t e r i s t i c s ;  however, a degree of mechanical an i so t ropy  w a s  
noted f o r  s e c t i o n s  o r i e n t e d  h o r i z o n t a l l y  o r  v e r t i c a l l y  w i t h  r e s p e c t  t o  t h e  
s h a l e  s t r u c t u r e .  Rese rvo i r  ana lyses  of t h e  Rio Blanco n u c l e a r  s t i m u l a t i o n  
experiment and t h e  nearby MHF experiment i n d i c a t e  t h a t  c h a r a c t e r i s t i c  l e n s  
dimensions w e r e  40 t o  60 f t  (12 t o  1 8  m) v e r t i c a l l y  and 400 t o  600 f t  (120 
t o  180 m) h o r i z o n t a l l y .  

INTRODUCTION 

Although U.S. gas r e sources  remain l a r g e ,  t h e  proven U.S. r e s e r v e s  have 
dec l ined  t o  230 t r i l l i o n  f t 3  (TCF). The c u r r e n t  r e se rves /p roduc t ion  r a t i o  is 
10 t o  1. It is  es t ima ted  that t i g h t  n u c l e a r  gas r e s e r v o i r s  and e a s t e r n  
Devonian gas s h a l e s  c o n t a i n  l a r g e  q u a n t i t i e s  of gas ,  b u t  t h e s e  r e sources  have 
been d i f f i c u l t  t o  recover .  
a l r eady ,  b u t  i n d u s t r y  needs more economical recovery techniques.  

Some gas h a s  been produced from t h e s e  r e s e r v o i r s  

Seve ra l  techniques have  been used t o  s t i m u l a t e  gas  product ion.  One o f  
t h e  most promising is massive h y d r a u l i c  f r a c t u r i n g  (MHF). 
h y d r a u l i c  f r a c t u r i n g ,  which has been used i n  o i l  w e l l  completion and cleanup 
f o r  many y e a r s ,  i n  t h a t  much l a r g e r  amounts of f l u i d  and proppant are pumped 
down t h e  w e l l  and o u t  i n t o  t h e  formation t o  c r e a t e  and prop f r a c t u r e s  a t  
g r e a t e r  d i s t a n c e s  from t h e  w e l l .  Other techniques i n c l u d e  high e x p l o s i v e  

MHF d i f f e r s  from 

*This work was performed under t h e  ausp ices  of t h e  U.S. Energy Research and 
Development Adminis t ra t ion under c o n t r a c t  No. W-7405-Eng-48. 
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and nuclear  explosive s t imulat ion.  
underground t o  f r a c t u r e  the  rock and allow production. 
s t imula t ion  has been used extensively i n  the  Devonian sha les ,  and nuclear  
explosive s t imula t ion  has been t r i e d  i n  three  w e s t e r n  loca t ions .  

They involve detonat ing explosives 
High explosive 

The appl ica t ion  of MHF techniques t o  t i g h t  gas formations has given 
va r i ab le  and sometimes disappoint ing r e su l t s .  The bes t  e f f o r t s  of a CER/ 
Industry/Government consortium t o  s t imula te  the  Piceance Basin near  Rio 
Blanco, Colorado, have not been successful .  On the  o the r  hand, Amoco has 
used MHF techniques i n  the  Wattenburg f i e l d  near Denver wi th  a high degree 
of success. 
bu te  t o  the  d i f fe rences  i n  the  success r a t i o .  

S igni f icant  d i f fe rences  i n  these r e se rvo i r s  apparent ly  contr i -  

The Devonian sha le s  present  similar problems. 
production from these  gas sha le s  r e s u l t s  from the  connection of t he  w e l l s  t o  
t he  ex i s t ing  f r a c t u r e  pa t t e rns .  Hence, t he  problems here  include loca t ing  
the  producing zones, l oca t ing  the  na tu ra l  f r ac tu res  near  t he  wellbore,  and 
f r ac tu r ing  from the  wellbore t o  the  ex i s t ing  f r ac tu res .  

I t  is  be l ieved  t h a t  

The Lawrence Livermore Laboratory has embarked on a research program t o  
W e  are t ry ing  t o  ob- help develop t i g h t  gas r e se rvo i r s  i n  the  United States. 

t a i n  a more de t a i l ed  understanding of t he  s t imula t ion  processes ,  including 
how the  formation p rope r t i e s  i n t e r a c t  with and a f f e c t  these  processes.  
problem is  t o  determine how t o  connect t he  maximum amount of productive 
r e se rvo i r  rock t o  the  wellbore through a highly permeable f r a c t u r e  system. 
There are seve ra l  quest ions t h a t  w e  would l i k e  t o  be ab le  t o  answer i n  
advance about Rocky Mountain areas. Can w e  i d e n t i f y  p a r t i c u l a r  s ec t ions  
where the  f r ac tu res  may be expected t o  be p r e f e r e n t i a l l y  confined t o  t h e  
productive sands,  r e s u l t i n g  i n  a maximum volume of r e se rvo i r  s t imulated? 
What is the  geometry ( length,  width, and number) of t he  f r ac tu res?  What is 
the  na ture  of t he  t reatment  ( f l u i d  composition, volumes, pumping rates, per- 
fo ra t ion  in t e rva l s )  which, when appl ied t o  a formation of c e r t a i n  proper t ies ,  
w i l l  r e s u l t  i n  optimum and economic recovery. What are some of t h e  important 
geophysical measurements and experiments t h a t  can a i d  i n  t h i s  endeavor? What 
da ta  and experiences exist t h a t  are relevant?  Most of t he  w e s t e r n  reservoi rs  
contain a high degree of w a t e r  sa tura t ion .  
can s i g n i f i c a n t l y  reduce the  already low permeabili ty of these  reservoi rs .  
Is it possible  t o  use ex i s t ing  logging techniques supplemented by new geophy- 
s ica l  measurements t o  a sce r t a in  the  in - s i tu  w a t e r  s a tu ra t ion?  

The 

High degrees of w a t e r  s a tu ra t ion  

Devonian sha le s  are a l s o  very l o w  i n  permeabi l i ty  and the re fo re  present  
many of t he  same chal lenges as the  t i g h t  Rocky Mountain formations. 
are, however, some s p e c i a l  problems. Logging techniques f o r  these  sha les  are 
j u s t  being developed, and w e  have not  been ab le  t o  loca t e  f r a c t u r e s  t h a t  do 
not i n t e r s e c t  t he  wel lbore by means of s tandard logs.  The e f f e c t  of the  
hydraul ic  f r ac tu r ing  method on Devonian sha le s  is not  we l l  understood. 
one of t he  s tandard hydraul ic  f r ac tu r ing  f l u i d s ,  can cause s i g n i f i c a n t  forma- 
t i o n  damage; organic  and cryogenic f l u i d s  are expensive; high explosive 
f r ac tu r ing  makes w e l l  clean-out and completion cos t ly  and uncertain,  and as 
w e  have shown previous ly , l  t he  diameter of permeabi l i ty  enhancement is s m a l l .  
Gas f r ac tu r ing  is a developing ar t ,  and it shows promise f o r  appl ica t ion  in 
t h e  sha les .  

There 

Water, 
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Our program i s  pr imari ly  inves t iga t ive  i n  nature .  NO major f i e l d  
programs are cur ren t ly  proposed. We are cons t ruc t ing  and applying theore t i -  
c a l  models and performing laboratory experiments t o  develop an understanding 
of t he  s t imula t ion  processes. However, one facet of t he  program is di rec ted  
toward geophysical measurement (logging) t o  provide in s igh t  i n t o  the  environ- 
ments where these s t imula t ion  processes are applied.  Close assoc ia t ion  with 
the  ERDA-supported f i e l d  program w i l l  provide t h e  i n t e r a c t i o n  and d i r ec t ion  
necessary t o  the  program. 
areas: (1) t h e o r e t i c a l  modeling of t he  hydraul ic  f r a c t u r i n g  process;  2) hy- 
d r a u l i c  f r ac tu r ing  laboratory experiments; (3) l og  t o o l  development and 
appl ica t ion  and ana lys i s  of log  d a t a ;  (4) cataloging and eva lua t ion  of P e r t i -  
nent geological  and geophysical r e se rvo i r  data;  (5) measurements of per t inent  
r e se rvo i r  proper t ies ;  (6) reservoi r  ana lys i s ;  and (7) eva lua t ion  of o ther  
s t imula t ion  techniques. 

The LLL program can be  broken i n t o  seven t a sk  

THEORETICAL MODELING OF THE HYDRAULIC FRACTURING PROCESS 

A t  t he  present  t i m e ,  two models are being used. One is designed t o  
analyze the  l o c a l  e f f e c t s  of the  hydraul ic  f r ac tu r ing  process  
e f f e c t s  t h a t  cont ro l  t h e  o r i en ta t ion  of t h e  hydraul ica l ly  c rea ted  f r ac tu re )  
and the  o ther  t o  ca l cu la t e  some of t he  long range e f f e c t s  of f r a c t u r i n g  
processes such as surface deformations and stress f i e l d s  across  layer ing  near  
t he  f r a c t u r e  
measurements' t o  i n t e r p r e t  f r ac tu re  geometries. 

( t h a t  is, t h e  

Resul ts  from the  l a t te r  model are being compared wi th  f i e l d  

The f i r s t  model i s  much more complete i n  t h a t  pore f l u i d  flow and pore 
pressure e f f e c t s  are included with the  elastic model of t he  continuum. The 
model cons i s t s  of t he  numerical so lu t ion  of t he  two-dimensional time-dependent 
porous-flow equat ions,  which overlays a s t a t i c  two-dimensional f i n i t e  element 
descr ip t ion  of t h e  e las t ic  continuum.3 
cont ro l led  by t h e  f l u i d  flow i n t o  t h e  f r a c t u r e ,  while  t h e  s t a t i c  so lu t ion  
follows as  a set of equi l ibr ium states a t  each t i m e  s tep .  
e f f e c t s  i n  the  e l a s t i c  solut ion.  This approximation is v a l i d  s ince  t h e  wave 
speed is much l a r g e r  than the propagation ve loc i ty  of a f luid-dr iven f r ac tu re .  
For example, a f r a c t u r e  is driven on the  order  of 2000 f t  i n  5 to 8 h,  while 
an e l a s t i c  wave t raverses  t h i s  d i s tance  i n  0 . 2  s. A t  p resent ,  t h e  coupling 
between the  e l a s t i c  and flow p a r t s  of t he  code i s  i n  t h e  pore pressure  
e f f e c t s  using the  equation general ly  a t t r i b u t e d  t o  Terzaghi: 

This allows t h e  t i m e  so lu t ion  t o  be 

W e  ignore the  wave 

4 

0 u1 = 0 -p, 

0 where 0' i s  the  t o t a l  stress, u 
pore pressure.  The permeabili ty of the  f r a c t u r e  is ca lcu la ted  using 

i s  the  s o l i d  matr ix  stress, and p i s  the  

2 k = 6 /12, 

where k is the  permeabili ty of the  f r a c t u r e  and 6 is t h e  f r a c t u r e  aperature.  

3 

The hydraul ic  f r ac tu r ing  model, which includes t h e  f l u i d  flow and 
pore pressure e f f e c t  i s  i n  an advanced development s t age ,  and w e  w i l l  pro- 
ceed with f u r t h e r  development as appl ica t ion  warrants.  
t h a t  t he  model can allow a f r ac tu re  t o  be, pushed open by t h e  f l u i d  pressure 

Calcu la t ions  show 
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and then t o  c lose  as the  f l u i d  is withdrawn. A f a i l u r e  c r i t e r i o n ,  which 
would permit f r a c t u r e s  t o  nucleate  and propagate has not  ye t  been incorpo- 
ra ted  i n t o  t h e  model. 

The model has  been appl ied i n  seve ra l  check problems. The e f f e c t s  of 
t he  pore pressure  on the  elastic s t r a i n  f i e l d  can be  r ead i ly  seen by examina- 
t i o n  of Figs.  1 and 2. 
a f t e r  t he  f r a c t u r e  w a s  pushed open by an in j ec t ed  f l u i d .  
d i l a t a t i o n a l  o r  tens iona l  lobes near t h e  crack t i p s  and compressional lobes 
adjacent  t o  the  f r a c t u r e  faces.  
a f t e r  t he  pore f l u i d  has propagated from t h e  f r a c t u r e  i n t o  the  medium. 
Here, w e  no te  t h a t  t he  compressional lobes have s i g n i f i c a n t l y  decreased and 
the  tens iona l  lobes are more predominant. 

Figure 1 shows contours of t he  d i l a t a t i o n  shor t ly  
Here w e  note two 

Figure 2 displays contours of d i l a t a t i o n  

The second model is e s s e n t i a l l y  a s t a t i c l e l a s t i c  model. Pore pressure 
e f f e c t s  are not  included. W e  used t h i s  model t o  study t h e  e f f e c t  of a layer  
on the  general  stress f i e l d  and sur face  de f l ec t ion  p rope r t i e s  above a ve r t i -  
c a l  hydrofracture .  
plane symmetry t o  s impl i fy  the  ca lcu la t ions .  
r a t i o  V2, is embedded i n  a medium typ i f i ed  by Poisson 's  r a t i o  V l .  
modulus w a s  he ld  constant  f o r  both materials. We kept t h e  hydrofracture  
loca t ion  and width constant ,  bu t  var ied  the  l aye r  depth a and the  layer  
width w independently. W e  made ten  ca lcu la t ions ,  then reversed the  Poisson's 
r a t i o s  and red id  t h e  ca lcu la t ions .  I n  some ca l cu la t ions ,  t he  layer  w a s  
wholly b e l w  t h e  hydrofracture .  
t i a l l y  contained t h e  hydrofracture.  
V 1  = 0.35 and v2 = 0.20. 

A t  t he  top  of Fig. 3 i s  a p lo t  of t he  sur face  v e r t i c a l  displacements 

As t he  problem geometry i n  Fig. 3 shows, w e  used half-  

Young's 
The layer ,  t yp i f i ed  by Poisson's 

In most cases, t h e  l aye r  completely o r  par- 
For the  problem shown i n  Fig.  3, w e  used 

w e  obtained f o r  t h e  l aye r  geometry shown. 
curve w a s  s i m i l a r  f o r  t h e  d i f f e ren t  cases ,  bu t  a change i n  the  hydrofracture  
loca t ion  o r  width sometimes sh i f t ed  the  peak of t h e  curve s l i g h t l y  and a l s o  
caused the  amplitude t o  change. The p a r a l l e l  s t r a i n  along the  sur face ,  when 
p lo t ted ,  a l s o  exhib i ted  the  same general  c h a r a c t e r i s t i c s  as the  sur face  dis- 
placement curve w i t h  t he  peak corresponding t o  the  peak i n  sur face  def lect ion.  

Figure 4 shows t h e  general  d i s t o r t i o n a l  f i e l d  i n  t h e  region of t he  

The genera l  charac te r  of t h i s  

hydrofracture.  
f r a c t u r e  and the  most t e n s i l e  near  t he  ends of t h e  hydrofracture .  
t he  l i n e s  have been omitted near t he  hydrofracture  due t o  t h e  l a rge  grad ien ts  
i n  t h a t  region. 
map. 

LOGGING 

The most compressive stress i s  near  t he  middle of t he  hydro- 
Some of 

The pos i t ion  of the  l aye r  is c l e a r l y  v i s i b l e  on the  contour 

Acoustic ve loc i ty  logs a re  o f t en  used i n  f ind ing  f r ac tu res  near t he  
A ~ e l l b o r e . ~  

wet-hole t o o l  o f t en  used is the  var iable- intensi ty-recording continuous- 
ve loc i ty  log,  marketed under such names as Microseismogram o r  3-D log.6 
da t a  obtained wi th  t h i s  log  are normally recorded on f i lm  t h a t  moves pas t  a 
slit a t  a rate propor t iona l  t o  the  logging speed. 
across  t h e  slit with each pulse  of the  sonde t ransmi t te r .  The osci l loscope 
beam is intensity-modulated by t h e  acous t ic  s igna l ,  producing a b r igh t  t r a c e  

W e  have used them f o r  t h a t  purpose i n  t h e  Devonian shales .  

The 

An osc i l loscope  sweeps 
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f o r  l a r g e  p o s i t i v e  amplitude,  no trace f o r  a l a r g e  nega t ive  amplitude,  and 
a medium trace f o r  ze ro  amplitude. This  i s  recorded on t h e  f i l m  as l i g h t  
and dark l i n e s ,  w i th  n e u t r a l  gray f o r  z e r o  amplitude.  
record.  

Figure 5 shows such a 

Such logs  a r e  s a t i s f a c t o r y  f o r  l o c a t i n g  f r a c t u r e s  near  t h e  borehole ,  
bu t  s i n c e  t h e i r  sweep is gene ra l ly  q u i t e  s h o r t ,  t h e  depth of obse rva t ion  i s  
q u i t e  l i m i t e d .  The equipment can be  operated w i t h  much longe r  sweeps i f  
d e s i r e d ,  a l though t h i s  is r a r e l y  done. A t  Columbia gas w e l l  No. 20403 n e a r  
Huntington, West Vi rg in i a ,  two wet-hole logs  w e r e  run w i t h  sweeps of about 
30 m s  (an o r d e r  of magnitude longer  than  normal). 
shown i n  Fig.  6. 
boundary waves, etc. ; t h e  ''hash" beyond them i s  presumably s i g n a l  r e tu rned  
from r e f l e c t o r s  f a r  from t h e  borehole.  
from t h i s  l a t e - t ime  record,  o r  "coda." 

P a r t  of t h e  record is 
The sol id- looking s t r a i g h t  v e r t i c a l  l i n e s  are water waves, 

W e  hope t o  e x t r a c t  u s e f u l  information 

The coda is r a t h e r  d i f f i c u l t  t o  i n t e r p r e t  as i t  s t ands .  Therefore  i t  
was d i g i t i z e d  on a microdensitometer.  Unfortunately,  t h e  d i g i t i z a t i o n  had t o  
be performed piecemeal,  and t h e  r e s u l t  w a s  a record of f i l m  d e n s i t y  vs 
p o s i t i o n  on t h e  f i l m ,  corresponding t o  s i g n a l  ampli tude vs  depth and t i m e .  
These r eco rds  w e r e  i n p u t  t o  a con tour -p lo t t i ng  computer program, and two 
f i l m - d e n s i t y  contours  were p l o t t e d  f o r  each s e c t i o n  of record (Fig. 7 ) .  
con tour s  w e r e  t hen  r e d i g i t i z e d  with a hand-tracing type  d i g i t i z e r  SO t h a t  a 
new cont inuous record of a contour f o r  t h e  e n t i r e  h o l e  could b e  p l o t t e d .  
r e s u l t  is s h a m  i n  Fig.  8. Also shown i n  Fig.  8 are two logs  ( a  s i b i l a t i o n  
l o g  and a " f r a c t u r e  i n t e n s i t y  log"),  which are i n d i c a t i v e  of gas  e n t e r i n g  
t h e  borehole .  Peaks i n  t h e s e  logs  seem t o  be  a s s o c i a t e d  with d ips  i n  t h e  
contour  log .  These dips  i n d i c a t e  t h a t  a s i g n a l  0 f . a  given i n t e n s i t y  d i e s  
away sooner  a t  t h a t  depth than a t  depths  nearby; t h u s ,  t h e  s i g n a l  a t  t h a t  
depth i s  weaker. 

The 

The 

An exp lana t ion  of why such a d i p  might be  a s s o c i a t e d  wi th  a gas show 
h a s  been suggested by R. C .  Carlson of LLL. A s s u m e  t h a t  t h e  s i g n a l s  s een  
i n  Fig.  6 have been s c a t t e r e d  many t i m e s  from f r a c t u r e s  b e f o r e  a r r i v i n g  a t  
t h e  d e t e c t o r .  
be  r e t u r n e d  t o  t h e  de t ec to r .  This s i t u a t i o n  o b t a i n s  i n  t h e  top  p a r t  Of 

Fig. 6. I f  t h e r e  are very many s c a t t e r e r s ,  t h e  s c a t t e r e d  s i g n a l  w i l l  be 
g r e a t l y  a t t e n u a t e d ,  and t h e r e  w i l l  b e  very l i t t l e  s i g n a l  a t  t h e  d e t e c t o r .  
With an optimum number of scatterers, t h e  signal w i l l  be l a r g e s t .  
i n  t h e  contour ,  t hen ,  i n d i c a t e  a s i t u a t i o n  i n  which t h e  s i g n a l  has  been 
g r e a t l y  a t t e n u a t e d .  
t h e r e f o r e  r ecove rab le  gas. 

I f  t h e r e  a r e  very few scatterers ( f r a c t u r e s ) ,  no s i g n a l  w i l l  

The d i p s  

This  would suggest  t h a t  t h e r e  are many f r a c t u r e s  and 

F igure  9 compares t h e  logs i n  Fig.  8 w i t h  a number of o t h e r s  i n  t h e  
same ho le .  Of them, only t h e  acoustic-amplitude and t h e  3-D l o g s  ( run  w i t h  
a t r a n s m i t t e r l r e c e i v e r  spacing of 30 cm) seem t o  show anomalies n o t  a s s o c i a t e d  
w i t h  l i t h o l o g y .  
a s s o c i a t e d  wi th  anomalies. The 3-D l o g  sugges t s  t h a t  a f r a c t u r e d  region be- 
g ins  a t  3100 f t  and ends a t  3800 f t .  
r eg ion  t h e r e ,  which i n d i c a t e s  f r a c t u r i n g ,  b u t  t h e r e  i s  nothing on t h e s e  logs  
t o  i n d i c a t e  t h e  i n d i v i d u a l  gas shown. Therefore ,  t h e  log-sweep a c o u s t i c  
l o g  seem t o  be  t h e  most promising one c u r r e n t l y  a v a i l a b l e .  

I n  bo th  logs,  t h e  gas shows at  3100 f t  and 3800 f t  are 

The amplitude l o g  shows a low-amplitude 

5 
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E r i c  Smith of Columbia G a s  Company has  shown t h a t  peaks on a n a t u r a l  
gamma-ray l o g  are assoc ia ted  with t h e  presence of kerogen i n  Devonian s h a l e .  
A number of samples from Columbia Gas w e l l  No .  20403 near  Huntington, West 
Virg in ia ,  w e r e  analyzed wi th  gamma-ray spectroscopy.  
formed t h e  ana lys i s .  
i n  kerogen, and four  w e r e  dark,  presumably because of high kerogen content .  
A high  gamma count w a s  found assoc ia ted  w i t h  t h e  dark samples. 

David o l e s  
cha ins  of 235Th, 28sIJ, and 
gamma peak i n  d e t a i l ,  and came out wi th  a t a b l e  of  d i s i n t e g r a t i o n s  p e r  minute 
f o r  each of t h e  f o u r  nuc l ides  of i n t e r e s t .  The t a b l e  does not  expla in  t h e  
gamma-ray l o g  of w e l l  No. 20403 by i t s e l f ,  and so  i t  is not  reproduced here.  

David Coles of LLL per- 
Four of t h e  samples w e r e  l i g h t  i n  c o l o r ,  presumably 

LLL al5q5analyzed f o r  gamma-rays due t o  40K and t h e  
u. He used a Ge(Li) d e t e c t o r ,  which s e e s  each 

The gamma-ray l o g  i n  t h a t  ho le  w a s  e v i d e n t l y  performed wi th  a Geiger- 
Mu l e r  counter ,  which does not  d i scr imina te  between t h e  gamma rays.  
234U chain produces e i g h t .  When Coles' r e s u l t s  are mul t ip l ied  by these  
f a c t o r s ,  t h e  r e s u l t  c l e a r l y  explains  t h e  log. Figure 10 shows t h e  gamma-ray 
l o g  i n  w e l l  No. 20403, w i t h  Coles' d a t a ,  m u l t i p l i e d  as above, properly 
s c a l e d ,  and with t h e  two uranium chains  added. It is obvious t h a t  t h e  
major i ty  of t h e  count-rate  d i f f e r e n c e  i s  caused by t h e  uranium. 

The 

Table 1 shows a g e o l o g i s t ' s  d e s c r i p t i o n  of t h e  cores  at each depth 
point .  
powdered samples, t h e  c o l o r  d i f f e r e n c e  is very clear between the  dark 
samples a t  2740, 3055, 3220, and 3720 and t h e  o t h e r  four .  

The high-count p o i n t s  a r e  a l s o  t h e  d a r k e s t  i n  color .  Looking a t  t h e  

We may s a f e l y  conclude t h a t  t h e  d i f f e r e n c e  i n  count rate between t h e  
Cole has  w r i t t e n  dark  and l i g h t  samples is caused by i s o t o p e s  of uranium. 

a paper  t h a t  shows t h a t  coa l  i s  s i m i l a r l y  enr iched i n  uranium.7 
may expla in  why t h e  uranium i s  present  i n  t h e  kerogen. 

This paper 

MECHANICAL MEASUREMENTS O F  DEVONIAN SHALE 

P r e d i c t i o n  of f r a c t u r e  i n t e n s i t y ,  geometry, and ex ten t  r e s u l t i n g  from 
high-explosive or hydraul ic - f rac tur ing  s t i m u l a t i o n  of a low-permeability, 
gas-bearing formation requi res  c e r t a i n  equat ion  of s t a t e  (EOS) or mechanical 
measurements as input  t o  t h e  c a l c u l a t i o n a l  codes. 
t e n s i l e  s t r e n g t h ,  f a i l u r e  envelope (under p r e s s u r e ) ,  loading moduli, loading 
p a t h  (up t o  t h e  f a i l u r e  envelope) , and pressure/volume behavior.  

These measurements include:  

To c h a r a c t e r i z e  t h e  mechanical behavior  of t h e  10-cm core  from Columbia 
gas  w e l l  No. 20403, w e  e l e c t e d  t o  subdivide it i n t o  four  d i s t i n c t  u n i t s .  
These w e r e :  

Upper gray member 807-1039 m 
brown gaseous member 1039-1116 m 
white  s la te  member 1116-1203 m 
Marcellos b l a c k  s h a l e  member 1203-1233 m 

EGS-6 

Each of these  u n i t s  w a s  then t r e a t e d  as an i n d i v i d u a l  rock f o r  t h e  purposes 
of d e f i n i n g  an EOS. For each u n i t ,  w e  have planned t o  determine: 
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1. The t e n s i l e  s t r e n g t h  p a r a l l e l  and perpendicular  t o  bedding, 
0 .1  ma. 

2. The u n i a x i a l  stress f a i l u r e  envelope i n  compression t o  % 300 MPa 
confining pressure ,  p a r a l l e l  and perpendicular  t o  bedding. 

The u n i a x i a l  stress f a i l u r e  envelope in extension t o  400-600 MPa 
confining pressure ,  p a r a l l e l  and perpendicular  t o  bedding. 

3. 

4. 

5. The loading pa th  i n  u n i a x i a l  s t r a i n  (compression) beginning at 

The pressure/volume behavior  t o  1 .5  GPa. 

0 .1  and 50 MPa confining pressure.  
p a r a l l e l  and perpendicular  t o  bedding. 

Loading d i r e c t i o n  both 

6. The s h e a r  and compressional wave v e l o c i t i e s  t o  confining pressures  
of 1.0 GPa (measurements made both p a r a l l e l  and perpendicular  t o  
bedding f o r  t h e  determinat ion of dynamic e las t ic  cons tan ts ) .  

During t h i s  p a s t  year ,  w e  have determined a l l  e i g h t  sets of measure- 
ments under item 1 above (two d i r e c t i o n s  i n  each of four  rock u n i t s ) .  These 
are summarized i n  Table 2. In general ,  t h e r e  does not  appear t o  b e  any d is -  
c e r n i b l e  t rend  i n  s t r e n g t h  w i t h  e i t h e r  depth o r  between rock u n i t s  ( f o r  t h e  
same o r i e n t a t i o n ) .  The t e n s i l e  s t r e n g t h  p a r a l l e l  t o  t h e  bedding seems t o  b e  
about two t i m e s  t h a t  measured normal t o  bedding. 

We have a l s o  completed a l l  measurements o u t l i n e d  in i t e m  2. Typica l  
r e s u l t s  are i l l u s t r a t e d  i n  Figs .  11-14. In each f i g u r e ,  t h e  compression 
f a i l u r e  envelope f o r  t h e  v i r g i n  s h a l e  i s  def ined by t h e  poin ts .  A t  low- 
moderate pressures ,  t h e  f a i l u r e  mode is termed b r i t t l e  i n  a l l  cases and is 
t h e  r e s u l t  of combined t e n s i l e  and s h e a r  f r a c t u r e .  The former dominates a t  
l o w  pressure  and is o r i e n t e d  p a r a l l e l  t o  t h e  maximum p r i n c i p a l  stress 01. 
Hwever, t h e  l a t te r  becomes dominant a t  moderate-high pressures  and is o r i e n t e d  
a t  Q, 30' t o  01. 
become d u c t i l e ,  t h a t  is, a l l  deformation is quasi-uniformally d i s t r i b u t e d  
w i t h i n  t h e  test sample. The b r i t t l e - d u c t i l e  (B.D.) t r a n s i t i o n  poin t  usua l ly  
occurs  at lower pressures  f o r  loading normal t o  bedding than f o r  compression 
p a r a l l e l  t o  it (Figs .  11 and 1 2 ) .  Also shown i n  t h e s e  f i g u r e s  is t h e  post- 
f a i l u r e  s t r e n g t h  envelope, designated by p o i n t s  A. This  s u r f a c e  d e l i n e a t e s  
t h e  shear  s t r e n g t h  of t h e  f r a c t u r e d  s h a l e  vs  confining pressure.  A t  t h e  
b r i t t l e - d u c t i l e  t r a n s i t i o n ,  t h e r e  i s  no s t r e n g t h  decrease upon f a i l u r e ,  only 
d i s t r i b u t e d  flow, and hence, t h e  two curves become i d e n t i c a l  a t  h igher  pres- 
s u r e s  (Figs.  11-14). Comparison between Figs.  11 and 1 2  suggests  t h a t  a t  
similar pressures ,  t h i s  s h a l e  u n i t  has  only about a 10 t o  20% s t r e n g t h  aniso- 
t r o p y  with loading d i r e c t i o n .  
s t r o n g e s t  (except a t  t h e  lowest p r e s s u r e ) ,  b u t  more b r i t t l e  than  f o r  perpen- 
d i c u l a r  t o  bedding. 

A t  t h e  h i g h e s t  p ressures  t e s t e d ,  these  s h a l e  u n i t s  f requent ly  

Loading p a r a l l e l  t o  bedding seems t o  b e  

Determination of t h e  f a i l u r e  envelope i n  u n i a x i a l  stress loading  f o r  
ex tens ion  ( i t e m  3) has  been completed f o r  5 of t h e  8 poss ib le  combinations 
(two d i r e c t i o n s  i n  each of four  rock u n i t s ) .  
envelopes are i l l p s t r a t e d  i n  Figs.  13  and 14 f o r  comparison wi th  t h e  compres- 
s i o n  curve. 
than  t h a t  f o r  compression; a t  high pressure ,  it may remain lower (Fig.  13) o r  
i t  may exceed it (Fig.  14).  

Examples of t h e s e  f a i l u r e  

A t  low pressures ,  t h i s  ex tens ion  envelope always is much lower 

7 
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The pressure/volume behavior (i tem 4 )  of u n i t s  1 through 3 i s  
summarized t o  4.0 GPa i n  Fig. 15. This f igu re  c l ea r ly  ind ica t e s  t h a t  t he  
known gaseous sha le  member is the  most compressible (except a t  low pressure) ,  
followed by the  Marcellus black sha le  member, and the  white  slate member. 
Volume changes at 210 GPa, f o r  example, are about 9.2%, 8.3% and 6.5%, 
respect ively f o r  t he  th ree  members. 
t he  average of 3 or  more tests. 
or ien ta t ion .  

Each curve shown i n  Fig. 15 is based on 
These r e s u l t s  are unaffected by sample 

Also shown i n  Figs. 11 through 13 are the  uniax ia l  s t r a i n  loading 
paths  as described i n  i t e m  5 (above). I n  each case, regard less  of t he  
i n i t i a l  s t a r t i n g  pressure,  t h i s  loading path rapidly becomes sub-para l le l  
t o  t he  v i rg in  compression envelope curve a t  about one-half of t h a t  value.  
Large hys te res i s  occurs upon unloading (Fig. 11).  

Acoustic v e l o c i t i e s  l i s t e d  under i t e m  6 have not been completed. 
These, as w e l l  as t he  remaining work noted above, w i l l  be  completed i n  the  
next quarter.  

LABORATORY EXPERIMENTS ON HYDRAULIC FRACTURE 

A laboratory experimental program has been es tab l i shed  t o  provide a 
b e t t e r  understanding of t he  i n i t i a t i o n  and growth of a f luid-dr iven crack. 
The parameters t o  be considered are: (1) the  mechanical p rope r t i e s  of t h e  
so l id ,  i .e.,  e l a s t i c  moduli, s t r eng th ,  etc. (2) t he  physical  s ta te  of t he  
so l id ,  i.e., presence of pre-exis t ing cracks,  poros i ty ,  l ayer ing ,  e tc . ,  
(3) t h e  boundary conditions , such as f r e e  sur faces  appl ied overburden 
stresses, etc., and ( 4 )  t he  manner i n  which the  crack-driving f l u i d  is 
in jec ted  i n t o  the  so l id .  

The ove ra l l  goal  of t h i s  research is t o  explain how these  parameters 
determine the  d e t a i l s  of crack growth such as d i r ec t ion ,  o r i en ta t ion  wi th  
respect  t o  f l u i d  in j ec t ion  hole ,  growth rate,  and fork ing  o r  dividing.  We 
a l s o  seek an understanding of how a crack behaves i n  the  region near  an 
in t e r f ace ,  both i n  a s ing le  material and between two materials having d i f  
d i f f e ren t  propert ies .  Clear ly ,  laboratory-scale  experiments cannot s imulate  
a l l  conditions encountered i n  an ac tua l  i n - s i tu  hydraul ic  f r a c t u r e  experiment. 
However, it is  f e l t  t ha t  t he  understanding gained w i l l  d e f i n i t e l y  be use fu l  
i n  the  design of large-scale  f r a c t u r e  operat ions.  

We have begun by inves t iga t ing  experimental  techniques of generat ing 
hydraul ic  f r ac tu res  and con t ro l l i ng  and observing t h e i r  growth. 
experiments have been performed on rocks,  bu t  f o r  t he  major i ty ,  w e  have used 
polymethylmethacrylate (PMMA) as the  f r ac tu re  medium. Its transparency 
permits easy observation of i n t e r i o r  cracks. 

A few 

The technique used t o  induce hydraul ic  f r ac tu res  i n  a l l  experiments S O  

f a r  has been t o  i n j e c t  pressurized o i l  i n t o  t h e  sample through a borehole 
cased with a steel i n j e c t i o n  tube. A shor t ,  uncased, smaller-diameter por- 
t i o n  of the  borehole i s  loca ted  a t  the  bottom of the  i n j e c t i o n  tube SO t h a t  
t he  in j ec t ion  tube rests on a shoulder as shown i n  Fig. 16. 
t i o n  tube (0.250 in .  O.D.) is s l i g h t l y  smaller i n  diameter than the  borehole 

The s teel  injec-  
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(0.280 in .  I.D.) and is secured i n  the  borehole by a mixture of Hysol epoxy. 
To give a d e f i n i t e  d i r ec t ion  t o  the  work, w e  sometimes use a s p e c i a l  t o o l  t o  
make a small  pre-crack i n  t h e  open por t ion  of t he  borehole below the  injec-  
t i o n  tube. The dashed l i n e  i n  Fig. 16 denotes such a pre-crack. This 
technique has been used so f a r  only i n  PMMA f rac tu re  experiments. 
experiment, p r i o r  t o  connecting t h e  in j ec t ion  tube t o  t h e  hydraul ic  pressure 
l i ne ,  w e  f i l l  t he  in j ec t ion  tube and borehole sec t ion  wi th  hydraul ic  f l u i d  50 

t h a t  a l l  a i r  is displaced. 

I n  each 

Pressure is applied with a hand-operated pump. 

Early in t he  program, a series of experiments w e r e  performed t o  assess  

The tes t  samples were general ly  cyl inders  2 t o  5 i n .  i n  diameter and 
t h e  r e l a t i v e  f r a c t u r a b i l i t y  of s e v e r a l  rock types t o  be used i n  fu tu re  experi- 
ments. 
6 t o  1 2  in .  i n  height.  
about 15%), Nugget sandstone (poros i ty  about 5%) and th ree  types of shale .  
Fluid in j ec t ion  holes  w e r e  fabr ica ted  along the  cy l inder  a x i s  as described 
above. 
s t ronges t  of t he  rocks t e s t ed .  
in jec t ion- f lu id  pressure range. 
t o  the  borehole as shown i n  Fig. 17 .  
f r ac tu r ing  i n  the  1200 t o  1600 p s i  in jec t ion- f lu id  pressure range. 
sha le  f r ac tu res  w e r e  i n  t he  bedding planes,  which i n  these  experiments w e r e  
perpendicular t o  the  boreholes.  

The rocks chosen w e r e  Indiana l imestone (porosi ty  

The Indiana l imestone and Nugget sandstone w e r e  found t o  be the  
They f rac tured  i n  t h e  5000 t o  6000 p s i  
The planes of these  f r ac tu res  were p a r a l l e l  

The sha les  w e r e  found t o  be much weaker, 
The 

These preliminary experiments in rocks yielded l i t t l e  quan t i t a t ive  
da ta  other  than the  r e l a t i v e  f r a c t u r e  s t rengths  of t he  d i f f e ren t  rock types. 
Future experiments are planned t o  assess the  e f f e c t s  of ex terna l ly  appl ied 
stress f i e l d s  and t h e  rate of f l u i d  in j ec t ion  on hydraul ic  f r ac tu re  genera- 
t ion .  

Experiments t o  s tudy t h e  e f f e c t  of an ex terna l  stress f i e l d  were per- 
formed using PMMA. The test  specimens were 4 i n .  cubes. I n  t h e  f i r s t  two 
experiments, t he  pre-crack w a s  o r ien ted  p a r a l l e l  and perpendicular t o  t h e  
faces  upon which a 2000 p s i  load w a s  appl ied as shown i n  Figs.  18a and 18b. 
I n  the  f i r s t  case (Fig. 18a) ,  t he  crack developed from the  pre-crack at a 
borehole pressure of 2500 p s i  and grew p a r a l l e l  t o  t he -app l i ed  stress. 
the  second case (Fig.  18b) ,  a new crack formed a t  a borehole pressure  of 
7000 p s i  and grew p a r a l l e l  t o  t he  appl ied stress. 
pendent of t he  pre-crack. 
w a s  or iented a t  45' t o  t he  cube faces  along the  diagonal as s h a m  i n  Figs.  1% 
and 19b. 
a cont inuat ion of t he  pre-crack a t  a f l u i d  pressure of 2500 p s i  as shown by 
the  dashed l i n e  i n  Fig. 19a. I n  the  second experiment, a 2000 p s i  load w a s  
applied.  
but  turned and grew p a r a l l e l  t o  t he  appl ied load as shown by t h e  dashed l i n e  
i n  Fig. 19b. 

I n  

This new crack w a s  inde- 
I n  a second set of two experiments, t he  pre-crack 

In  one case no ex te rna l  load w a s  appl ied,  and t h e  crack grew as 

A t  a 3000 p s i  borehole pressure  a crack grew from t h e  pre-crack 

9 

To study hydraul ica l ly  dr iven crack motion near  an in t e r f ace ,  a block 
of PMMA (8 in .  x 8 in .  x 4 in . )  w a s  sect ioned i n t o  th ree  pieces  as shown i n  
Fig. 20. The in t e r f aces  I1 and I2 were machined f l a t .  In t e r f ace  I1 was 
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bonded by a t h i n  f i lm  of chloroform. The assembly 
w a s  loaded with a stress of 2000 p s i  as shown i n  Fig. 20. 
pressurized t o  3000 p s i ,  where f r a c t u r e  occurred. The f r a c t u r e  d id  not  cross  
e i t h e r  of t he  in t e r f aces ,  but  w a s  contained i n  the  shaded area shown i n  Fig.  20. 
In  a similar experiment i n  which Indiana limestone w a s  bonded t o  PMMA with no 
external  appl ied stress, the  crack crossed the  i n t e r f a c e  from PMMA i n t o  the  
limestone. 
attempt was made t o  d r ive  t h e  crack from limestone i n t o  PMMA, the  crack would 
not cross  the  PMMA-limestone in te r face .  

In t e r f ace  I 2  had no bond. 
The borehole w a s  

However, when the  i n j e c t i o n  hole  w a s  put  i n  the  l imestone and an 

RESERVOIR ANALYSIS 

As par t  of our  study of hydraul ic  f r ac tu r ing  as a s t imu la t ion  method, 
w e  have performed f u r t h e r  evaluat ions of t he  nuclear-explosive-stimulated wel l  
(RB-E-01) located about one mile from the  massive hydraul ic  f r a c t u r e  experi- 
mental w e l l  (RB-MHF-3) near  Rio Blanco, Colorado. I n  t h i s  experiment, t h ree  
30-kt nuclear  explosives were emplaced at depths of 5480, 6230, and 6690 f t ,  
respect ively.  
lower two were i n  the  Mesa Verde formation. These are t h e  same two formations 
s tudied i n  the  MHF w e l l .  

The upper explosive w a s  i n  t he  Fort  Union formation, while t he  

The explosives were detonated as planned on 1 7  May 1973. The explo- 
s ive ly  f rac tured  region w a s  reentered th ru  the  emplacement w e l l  and i n i t i a l  
production t e s t i n g  commenced i n  November 1973. The i n i t i a l  drawdown (during 
which % 35 mmscf of gas were produced) ind ica ted  t h a t  contrary t o  o r i g i n a l  
expectat ions,  t he  production or ig ina ted  only from the  chimney volume crea ted  
by the  top explosive,  not  from the  th ree  chimneys combined. Addit ional  pro- 
duction of about 65  mmscf during the  f i r s t  two weeks of February 1974 reduced 
the  chimney pressure t o  about 450 p s i ,  and the re  w a s  s t i l l  no ind ica t ion  of 
communication with the  lower chimneys. (Rare gas t r a c e r s  had been emplaced 
with each of t he  explosives t o  give a measure of t he  cont r ibu t ion  from each 
chimney. ) 

In  la te  1974, t he  lowermost chimney w a s  entered by s l a n t  d r i l l i n g  from 
a w e l l  (RB-AR-2) o f f s e t  about a quar te r  of a m i l e .  Approximately 25 mmscf 
of gas were produced i n  December 1974, and t h i s  lowered the  chimney pressure 
from an i n i t i a l  1900 p s i a  t o  j u s t  over 1200 ps ia .  The w e l l  w a s  then shut-in 
t o  monitor t h e  pressure  buildup. An ea r ly  ind ica t ion  t h a t  t h e  w e l l  w a s  
connected t o  gas sands of l imi ted  extent  w a s  t h e  i n i t i a l  p ressure  of 1900 p s i a ,  
which w a s  about 1000 p s i  lower than hydros ta t ic .  

Af te r  s eve ra l  months of pressure buildup, an attempt w a s  made (v i a  
modeling s tud ie s )  t o  eva lua te  the  cha rac t e r i s t i c s  of t he  formation feeding 
the  chimney and the  s t imula t ion  due t o  explosive f rac tur ing .  W e  used a 
computer model, which simulated the  chimney, f r ac tu res ,  and formation. The 
gas-flow ca lcu la t ions  w e r e  done using the  TRUMP computer program. 

The bas i c  modeling procedure involved assigning values  t o  t h e  var ious 
model parameters (permeabi l i ty ,  pay height  , permeabi l i ty  enhancement due t o  
f rac tur ing ,  and chimney s i z e ) ,  d r iv ing  the  model wi th  the  known production 
h is tory ,  and then comparing the  ca lcu la ted  chimney pressure h i s to ry  wi th  the  
measured pressures.  
the  process w a s  repeated over and over u n t i l  a reasonable match w a s  obtained 
between the  ca lcu la ted  and measured pressure h i s t o r i e s .  

Af t e r  changing the  value of one o r  more of t he  parameters, 
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This e a r l y  modeling l e d  t o  a p a i r  of models t h a t  appeared t o  bracke t  
t h e  somewhat s c a t t e r e d  data .  
respec t ive ly ,  and a pay he ight  of 50 ft.  
e f f e c t i v e l y  i n f i n i t e .  
s i z e  became evident  as t h e  ca lcu la ted  pressures  continued t o  rise whi le  t h e  
observed buildup e s s e n t i a l l y  stopped. Fur ther  modeling d i r e c t e d  a t  a s tudy 
of t h e  l e n s  s i z e  l e d  t o  t h e  conclusion t h a t  a 10-pd permeabi l i ty  and a 50-ft  
pay he ight ,  with an e f f e c t i v e  o u t e r  boundary r a d i u s  of womewhat under 400 f t  
would f i t  t h e  da ta  reasonably w e l l .  
pressure  h i s t o r y  could be i n t e r p r e t e d  as showing a s l i g h t  late-time d e c l i n e  
(within t h e  s c a t t e r  of t h e  da ta )  prompted a recons idera t ion  of t h e  model. 

These models used p e r m e a b i l i t i e s  of 5 and 10 pd, 
The r a d i a l  ex ten t  of t h e  models w a s  

With t h e  passing of t i m e ,  t h e  e f f e c t  of f i n i t e  l e n s  

However, t h e  observa t ion  t h a t  t h e  

It w a s  recognized t h a t  t h e  chimney, i n i t i a l l y  a t  a temperature  Of per- 
haps 600"F, would be very slowly cooling; however t h e  low rate,  on t h e  order  
of O.l°F/day, would b e  only a small  p e r t u r b a t i o n  as f a r  as t h e  change i n  gas 
dens i ty  w a s  concerned. 
(which cont r ibu tes  t o  t h e  t o t a l  pressure i n  t h e  chimney) changes many t i m e s  
more rap id ly  i n  t h i s  temperature range than does t h e  a b s o l u t e  temperature.  
A thermal model of t h e  chimney and surrounding rock w a s  cons t ruc ted  t o  obta in  
an approximate thermal  h i s t o r y  of the  chimney. 
during t h e  600 days fol lowing t h e  s t a r t  of bui ldup t h e  chimney temperature  
decl ined only 40°F (from 500°F t o  460°F), whi le  t h e  vapor p r e s s u r e  of water 
dropped 300 p s i  (from 700 t o  400 ps ia)  . 

It w a s  then r e a l i z e d  t h a t  t h e  vapor p r e s s u r e  of w a t e r  

This model i n d i c a t e d  t h a t  

Further  work l e d  t o  a model with a formation permeabi l i ty  of 10 pd, a 
pay height  of 60 f t ,  and an e f f e c t i v e  l e n s  r a d i u s  of 450 i t .  
and measured pressure-vs-time h i s t o r i e s  a r e  shown i n  Fig.  21. 
shows t h e  fracture-induced permeabi l i ty  used i n  t h e  model. 

The c a l c u l a t e d  
F igure  22 

GEOLOGIC STUDIES FOR GAS STIMULATION MODELS 

R e a l i s t i c  models f o r  the  s t imula t ion  of gas from t h e  Devonian brown 
s h a l e  of t h e  Appalachian Basin and the  low-permeability w e s t e r n  gas sandstone 
requi re  a c a r e f u l  cons idera t ion  of t h e  geology of each r e s e r v o i r .  In c o n t r a s t  
t o  t h e  t i g h t  sandstone, t h e  s h a l e  has a lower g a s - f i l l e d  p o r o s i t y ,  (about 2% 
versus 5%) a lower r e s e r v o i r  pressure  ( they are shal lower and have less-than- 
normal pressure  g r a d i e n t s ) ,  and a very low gas permeabi l i ty  (less than 1 pd vs 
about 2 pd). 
(55,000 t o  110,000 square  mi les ) .  

However, t h e  r e s e r v o i r s  a r e  t h i c k  (about 400 f t )  and ex tens ive  

The Western sandstone formations are considerably more v a r i a b l e .  Not 
only do they show a wider  range of physical  p r o p e r t i e s ,  they  a r e  geometri- 
c a l l y  var iab le .  Figure 2 3  shows t h e  geographical  d i s t r i b u t i o n  of b a s i n s  
with low-permeability sandstone reservoi rs .  Areas l i k e  t h e  Denver Basin 
have predominantly t h i n ,  but  extensive marine margin sandstone d e p o s i t s  t h a t  
are amenable t o  s t i m u l a t i o n  by long f r a c t u r e s .  
near  the  bas in  of t h e  Mesa Verde formation i n  t h e  Piceance and Uinta Basins. 
However, most of t h e  r e s e r v o i r s  i n  t h e s e  l a t t e r  bas ins  are f l u r i a l  and lacus- 
t r i n e  depos i t s ,  e longated lenses  within sha le .  The s t i m u l a t i o n  technique and 
ana lys i s  must take  t h e  s p a t i a l  v a r i a t i o n s  of t h e s e  c o n t i n e n t a l  depos i t s  i n t o  
considerat ion.  A t y p i c a l  channel - f i l l  depos i t  i n  t h e  Piceance Basin Mesa 
Verde formation is 25 f t  t h i c k ,  350 f t  w i d e ,  and 3,500 f t  long. Clear ly ,  a 
f r a c t u r e  generated across  t h e  width need not  exceed 350 f t  i n  length .  

A few u n i t s  of t h i s  type e x i s t  

TO be 
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e f f e c t i v e ,  a s i n g l e  w e l l  should be completed by s t imula t ing  each sand zone 
according t o  its own cha rac t e r i s t i c s .  
a r e  now underway t o  provide the  necessary information f o r  an understanding 
of l o c a l  v a r i a t i o n s  and t h e i r  e f f e c t  on s t imula t ion  methods. 

Detailed s tud ie s  of t y p i c a l  bas ins  
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I I I 
5 10 15 20 

T = 4.38 

FIGURE 1. Dilatat ion contours around a pressure-opened fracture at  T = 0 . 4 4 ,  

k i s  the permeability of the medium, p i s  where T = 

the v iscos i ty  of the injected f lu id ,  a is the compressibility of 
the e l a s t i c  matrix, 0 i s  the porosity,  B is the compressibility 
of the injected f lu id ,  t is the problem t i m e ,  and L i s  the length 
of the fracture. 

k 
p(a+rl B) 2; 

92 



14 

20 

15 

10 

5 

C 

UPDATE ON THE LLL GAS STIMULATION PROGRAM EGS-6 

1 I I 

5 10 15 20 
T = 4.1 38 

FIGURE 2. Dilatation contours around a pressurized fracture at T = 4.138. 
See Fig. 1 for a definition of the nondimensional time T. 
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ertica I d isplacernent 
interpreted along surface 

Vertical h yd rof ractu re 

FIGURE 3. Represen ta t ion  of a v e r t i c a l  h y d r o f r a c t u r e  i n  a l aye red  medium. 
Vertical displacements  of t h e  s u r f a c e  are shown a t  t h e  t o p  of 
t h e  f i g u r e .  
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Y 

X 

FIGURE 4. Dis to r t iona l  contours f o r  t he  problem geometry shown i n  Fig. 3. 
Dis tor t ion  is defined as IE,-E,I where cl and E2 are the  pr inc ipa l  - strains. 
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Con 

1000 2000 3000 4000 

Time, ps 

FIGURE 5. Illustration of typical intensity-modulated, continuous-velocity 
(3-D) log. 

3900 

$. I 

3 3700 

17 

F I G U R E  6. Part of long sweep logging record for Columbia gas well NO. 20403 
(signal is for 3690 f t  to 3960 ft). 

96 



18 UPDATE ON THE LLL GAS STIMULATION PROGRAM 

IDENT: 37:0-3890FT. 82 

r I L C :  LOG~DOOS 4.3 R M  OX- 11 M I C R M  
-49 C W U I Y S  DY. 571 MICRONS 

1123176 POINIS 

AVERAGING: O l S R A V  A W A Y :  
3 -  I 4 1  MH 

I 4  COLUMS IIQCOCW 

4.0 

3.5 

.. . 0 

2 .5  

C . 0  

I .5 

E*OZ 
I . o  

a 
U 

:OL"MN N",.IBEH :ONTOUR INTERVAL: 1.000 DENSITY R A K E :  u l?l09/?6 11:13:*7 
L M R  CONTOUR: 1 .000 M A X I W :  5.115 WOcWtAM: I C O N  

U N S l l Y  CONlOUR MAP UPPER L I M l l :  5.115 M I N I M :  0 .  I C C H Y I C A L  M O l O O R A M Y  olwup 

EGS-6 

FIGURE 7 .  I n i t i a l  contours for a segmented, d i g i t i z e d ,  sonic-logging record 
for Columbia gas w e l l  No.  20403. 
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FIGURE 8. Composite of processed s o n i c  logging record wi th  two o t h e r  logs  
( t h e  s i b i l a t i o n  log and a f r a c t u r e  i n t e n s i t y  l o g ) ,  which i n d i c a t e  
gas e n t e r i n g  t h e  borehole.  
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500 I I I I I I I I I I I I 

Depth, ft 

FIGURE 10. Gamma ra l o g  f o r  Columbi gas  w e l l  No. 20403, prope r ly  s c a l e d  
showing I0k,  232Th and 238U. 
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FIGURE 11. F a i l u r e  envelopes € o r  c o r e  from Marcel lus  b l a c k  s h a l e  s e c t i o n  €o r  
Columbia gas w e l l  N o .  20403. Samples t e s t e d  w e r e  pe rpend icu la r  
t o  bedding. 
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UPDATE ON THE LLL GAS STIMULATION PROGRAM 

I 1 1 
Uniaxial stress loading 
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EGS-6 
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FIGURE 13. Failure envelopes for core from brown gaseous shale section for 

Columbia gas well NO. 20403. Samples w e r e  perpendicular to  bedding. 
101 



EGS-6 HANSON, SHAFFER, HEARST, ANDERSON, MONTAN, HEARD, EMERSON 

300 I I I 

Uniaxial stress loading 

compression 

ex ten sio n 
I 0 Virgin 

APost-fai lure 
0 Virgin t 2 200 s 

I 

o3 - MPa 

23 

FIGURE 14.  Fa i lure  envelopes f o r  core  from white sha le  sec t ion  f o r  Columbia 
gas w e l l  No. 20403. Samples were perpendicular t o  bedding. 
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FIGURE 15. Compressibility curves for cores from Columbia gas well  No. 20403. 

103 



EGS-6 HANSON, SHAFFER, HEARST, ANDERSON, MONTAN, HEARD, EMERSON 25 

*Used with PMMA samples only 

F I G U R E  16. Technique of securing in j ec t ion  tube i n  borehole (used with PMMA 
samples only).  
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FIGURE 17. Hydraulic fracture in  Indiana limestone. 
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FIGURE 18. Orientation of pre-crack with respect t o  applied load. 

\ I 

(a) No external load 

( 1  
I 
I 
I 
I 
I 
I 
\ 

\ 
I 
I 
I 
I 
I 
I 

“s 

I 
A t 

(b) 2000 psi load 

FIGURE 19 .  The e f f ec t  of an external load on direction of crack growth. 
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FIGURE 20. Crack growth pattern i n  layered PMMA. 
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FIGURE 21. Pressure-buildup history of the lower Rio Blanco nuclear chimney 
compared t o  a theoretical match. 
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FIGURE 22. Permeability prof i le  for theoretical  model of lower Rio Blanco 
nuclear chimney. 
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SU3SURFACE STRATIGRAPHY AND EXTENT OF THE UPPER DEWIN4 
DUNKIRK AM) MINESTREET BLACK SHALES I N  NEW YORK 

1 Arthur M. Van Tynel, John C. Peterson , 

Lawrence V. Rickard2, David G. Kamakaris’ 

ABSTRACT 

Gamma Ray log correlations of the Dunkirk and Rhinestreet shales were made for 142 wells in 
western New York. The total Dunkirk section, from West to East, ranges in thickness from 40 feet 
at the Lake Erie shoreline outcrop to more than 80 feet in Allegany County. 
shale portion of the Dunkirk varies from 50 feet thick in Chautauqua County to less than 25 feet 
in Cattaraugus County. The structure on base Dunkirk indicates a southwestward dipping surface 
with southwestward trending anticlinal features in Chautauqua and Cattaraugus Counties. 

The massive black 

The deeper total Rhinestreet, from West to East, ranges from 113 feet at Lake Erie to 1,450 
feet in Steuben County. The massive black shale zone of the Rhinestreet varies from 113 feet in 
Chautauqua County to less than 5 feet in Allegany County. The structure on base Rhinestreet in- 
dicates a northeast-southwest trending basinal area with the same anticlinal features seen in the 
Dunkirk structure. 

INTRODUCTION 

There are four major black shale intervals in the Upper Devonian of New York. The two upper- 
most intervals, which lie at the base of the Canadaway and West Falls Groups, are the Dunkirk and 
Rhinestreet units. (Fig.lj. Their subsurface expression as massive black shales is limited to the 
far western part of the state and this forms only a portion of their full stratigraphic thickness 
further to the east. 
sent time-lines or chronostratigraphic horizons which are present at the base of most of the Upper 
Devonian Groups in New York. 

Although they are mapped as lithostratigraphic units, their bases also repre- 

A detailed study of subsurface facies changes has been a necessary step in beginning to ap- 
praise the gas potential of these units. Correlation difficulties can be attributed to an east- 
ward thickening of the total section and the replacement of organic-rich, radioactive black shale 
with gray shales, siltstones and sandstones. This is seen in increasing grain size, decreasing 
radioactivity, decreasing organic content and lighter color, indicative of changes in transporta- 
tion processes and/or the depositional environment. 
variations will aid in further evaluation of potential reservoirs adjacent to the eastward thin- 
ning black shales. 

An understanding of the nature of such lateral 

DUNKIRK SHALE 

The type locality of the Dunkirk Shale is on the Lake Erie shoreline at Dunkirk, New York.(Fig.2) 

New York State Museum, Geological Survey, Oil and Gas Office, Alfred, New York. 
New York State Museum, Geological Survey, Albany, New York 
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EGS-7 SUBSURFACE STRATIGRAPHY AND EXTENT OF THE UPPER DEVONIAN 
2 DUNKIRK AND RHINESTREET BLACK SHALES I N  NEW YORK 
A t  t h i s  outcrop i t  is  about 40 f e e t  t h i c k  and c o n s i s t s  of massive medium gray t o  grayish-black s h a l e  
A bed of calcareous s e p t a r i a  occurs  i n  t h e  middle of t h e  s h a l e  and p y r i t i z e d  a lgae ,  carbonized p l a n t  
stems and conodonts have a l s o  been found i n  t h e  s e c t i o n  (Tesmer, 1963). The subsurface l i t h o l o g y  of 
t h e  Dunkirk i n  a w e l l  about 18 m i l e s  southwest of t h i s  outcrop i s  25% b lack  s h a l e ,  20% medium gray 
s h a l e  and 55% medium dark gray s h a l e  with a th i ckness  of 42 f e e t .  

I n  E r i e  County outcrops,  f u r t h e r  t o  t h e  no r th ,  t h e  Dunkirk is an olive-gray t o  b l ack  s h a l e  wi th  
l i t t l e  interbedded medium gray sha le .  
s h a l e  (Buehler & Tesmer ,  1963). 
dark gray s h a l e  and 31% medium gray s h a l e .  

Calcareous and a r g i l l a c e o u s  concret ions occur i n  t h e  gray 
The subsurface Dunkirk from a w e l l  i n  Erie County occurs  as 69% 

I n  no r the rn  Cattaraugus County, t h e  outcrop s e c t i o n  c o n s i s t s  of grayish-black t o  black s h a l e s  
wi th  interbedded t h i n  calcareous zones (Tesmer, 1975). I n  t h e  subsurface i n  sou the rn  Cattaraugus 
County, i t  i s  a dark t o  l i g h t  gray sha le .  

In  t h e  p a s t ,  c o r r e l a t i o n  of t h e  type Dunkirk wi th  u n i t s  east of Cattaraugus County has  been 
problematical  due t o  a seeming l a c k  of b l ack  s h a l e  con t inu i ty .  
thought t o  be a h ighe r  u n i t  and no t  c o r r e l a t i v e  wi th  t h e  Dunkirk. 
1975) has  shown t h a t  t h e  Dunkirk and Hume are c o r r e l a t i v e .  

The e a s t e r n  Hume black s h a l e  w a s  
However, r e c e n t  s tudy  (Rickard, 

The gene ra l  l i t h o l o g y  of t h e  Hume Shale,  which outcrops i n  no r the rn  Allegany County, is black,  
brown and dark gray s h a l e  (Pepper & deWitt ,  1951). The subsurface l i t h o l o g y  i n  c e n t r a l  Allegany 
County (from a l i m i t e d  number of w e l l s )  is: 20% dark gray s h a l e ,  18% medium gray s h a l e  and 62% 
medium dark gray s h a l e  and minor gray s i l t s t o n e s .  

I n  t h e  southwesternmost p a r t  of New York s ta te ,  t h e  t o t a l  Dunkirk c o n s i s t s  of dark gray t o  

I n  t h e  v i c i n i t y  of c e n t r a l  Cattaraugus 
black sha le .  Eastwards from t h e r e  t h e  t o t a l  Dunkirk s e c t i o n  expands t o  inc lude  more gray s h a l e s  
and s i l t s t o n e s  w i t h  l e s sen ing  amounts of black sha le .  
County, t h e  b l ack  s h a l e  has  l o s t  i t s  cha rac t e r  and cannot be d i s t ingu i shed  from t h e  t o t a l  dark gray 
s h a l e  and s i l t s t o n e  s e c t i o n .  The l o s s  of t h e  massive b l ack  s h a l e  s e c t i o n  is  i n t e r p r e t e d  as a change 
i n  d e p o s i t i o n a l  environment from anoxic b a s i n  t o  a s l o p e  environment. The top  of t h e  Dunkirk be- 
comes more poorly def ined on the G-R l o g  as t h e  b l ack  s h a l e  becomes interbedded wi th  gray shales 
and s i l t s t o n e s .  (Fig.3) Near i t s  pinchout c l o s e  t o  t h e  Allegany-Steuben County l i n e ,  t h e  Dunkirk 
Shale is  18 f e e t  t h i c k  i n  t h e  subsurface and con ta ins  20% dark gray s h a l e ,  64% medium dark gray 
s h a l e  and 6% gray s i l t s t o n e  a t  i t s  base.  
producer and i s  l o c a l l y  known as t h e  Fulmer Valley sand. 

Here i t  occurs  w i t h i n  a sandstone s e c t i o n  which is an o i l  

The lower con tac t  of t h e  Dunkirk is  sha rp  and e a s i l y  recognized i n  both outcrop and subsurface.  
The upper con tac t  is  gene ra l ly  t r a n s i t i o n a l  through t h i n l y  interbedded b l ack  and gray s h a l e s  and 
s i l t s t o n e s .  

In  t h e  subsurface of c e n t r a l  Chautauqua County, t h e  Dunkirk shows a high G-R response wi th  a 
(Fig.4) correspondingly low d e n s i t y  response.  

This is  t h e  massive Dunkirk b l ack  s h a l e  which can be t r aced  i n t o  outcrop at  t h e  type s e c t i o n .  
Both r a d i o a c t i v i t y  and organic  content  decrease eastward. 

This  appears  t o  be t y p i c a l  of organic-r ich sha le .  

The t o t a l  Dunkirk isopach map v a r i e s  from 40 f e e t  i n  Chautauqua County t o  80 f e e t  i n  c e n t r a l  

The isopach of t h e  massive black s h a l e  
Allegany County. 
70 f e e t  t o  15 f e e t ,  then t o  0 i n  western Steuben County. 
s e c t i o n  of t h e  Dunkirk v a r i e s  from 50 f e e t  i n  Chautauqua County, where i t  comprises t h e  t o t a l  

(Fig.5) It is  bel ieved t o  pinch-out t o  t h e  east where i t  ab rup t ly  t h i n s  from 

Dunkirk s e c t i o n ,  t o  less 

The s t r u c t u r e  of t h e  
series of NE-SW t rend ing  
s t u d i e s .  I n  c e n t r a l  New 
kany sandstone. (Fig.7) 

than 25 f e e t  i n  Cattaraugus County. 

base of t h e  Dunkirk i n d i c a t e s  a southwestward dipping s u r f a c e  wi th  a 
a n t i c l i n a l  f e a t u r e s  i n  western New York n o t  seen i n  previous s t r u c t u r a l  
York, s t r u c t u r e s  r e f l e c t  those a l r eady  known from mapping on t h e  O r i s -  

(Fig.6) 

RHINESTREET SHALE 

The Rh ines t r ee t  type 
i t  is  a f i s s i l e ,  massive 

s e c t i o n  is  loca ted  j u s t  n o r t h  of Naples, i n  Ontar io  County, New York. Here 
b lack  s h a l e  wi th  minor gray s h a l e  r a p i d l y  thickening t o  t h e  East i n t o  

interbedded gray s h a l e s  and s i l t s t o n e s  (Sutton, 1960). I n  E r i e  County, interbedded medium gray t o  
dark gray s h a l e s  occur i n  t h e  upper p a r t  of t h e  Rh ines t r ee t  as do t h i n  gray s i l t s t o n e s  and a r g i l -  
laceous l imestones (Buehler & Tesmer ,  1963). One sample s tudy i n  Chautauqua County showed t h e  
subsurface Rh ines t r ee t  t o  be comDosed of 52% dark gray s h a l e ,  41% b lack  s h a l e  and 7% medium gray 
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sha le .  

VAN TYNE, PETERSON, RICKARD, 6- KAMAKARIS 3 

The b a s a l  con tac t  is sha rp  i n  outcrop and i n  t h e  subsurface.  The top  i s  picked a t  t h e  base of 

The base i s  r e a d i l y  picked a t  a pronounced G-R decrease which marks t h e  top of t h e  
t h e  so-cal led Scraggy Black Shale  member of t h e  Angola Shale  and eastward equ iva len t  Nunda s h a l e s  
and sandstones.  
gray, s i l t y  Cashaqua sha le .  

The Rh ines t r ee t  is s imi la r  t o  t h e  Dunkirk i n  t h a t  t h e  t o t a l  s e c t i o n  i n  t h e  western Chautauqua 
County a r e a c o n s i s t s o f  massive black sha le .  Within t h e  25 m i l e s  eastward t o  t h e  c e n t r a l  p a r t  of t h e  
County t h i s  massive black s h a l e  t h i n s  and becomes o v e r l a i n  and unde r l a in  by interbedded gray s h a l e s  
and s i l t s t o n e s  s o  t h a t  t h e  t o t a l  Rh ines t r ee t  s e c t i o n  becomes g r e a t l y  expanded. (Fig.8) This  east- 
ward thickening of t h e  t o t a l  Rh ines t r ee t  s e c t i o n  and th inn ing  of t h e  c e n t r a l  massive black s h a l e  
cont inues i n t o  e a s t e r n  Allegany County where t h e  c e n t r a l  b l ack  s h a l e  is  only a few f e e t  t h i ck .  The 
t o t a l  Rh ines t r ee t  s e c t i o n  i n  t h i s  area c o n s i s t s  of interbedded gray and brown s h a l e s  and s i l t s t o n e s  
and numerous t h i n  black s h a l e  beds. 

From t h e  Allegany-Steuben County l i n e  eastward t h e  Rh ines t r ee t  cont inues t o  thicken b u t  t h e  
s e c t i o n  containing interbedded b l ack  s h a l e s  decreases  i n  v e r t i c a l  e x t e n t  from 1,200 f e e t  t o  less 
than 400 feet  a t  t h e  Steuben-Chemung County l i n e ,  a d i s t a n c e  of 40 m i l e s .  This eastward stepping- 
down of t h e  b l ack  s h a l e s  i n  t h e  s e c t i o n  is  i n t e r p r e t e d  as o f f l a p  caused by a westwardly prograding 
s h o r e l i n e .  (Fig.9) 

The Density log ,  where run,  r e a d i l y  ind ica t ed  t h e  b l ack  Rh ines t r ee t  s h a l e s  as lower d e n s i t y ,  
organic-r ich i n t e r v a l s .  
t h e  t o t a l  Rh ines t r ee t  s e c t i o n  due t o  t h e  predominance of b l ack  sha le .  
east t h i s  o v e r a l l  d e n s i t y  d e c l i n e  i s  no t  s o  apparent  bu t  i n d i v i d u a l  b l ack  s h a l e  zones i n  t h e  
Rh ines t r ee t  are s t i l l  c l e a r l y  shown as zones of lower dens i ty .  

I n  Chautauqua County, an  o v e r a l l  average lower d e n s i t y  is ind ica t ed  f o r  
From Cattaraugus County 

The t o t a l  Rh ines t r ee t  v a r i e s  from 113 f e e t  i n  Chautauqua County t o  1,450 f e e t  i n  Steuben County. 
(Fig.10) 
tauqua County t o  less than 25 f e e t  i n  western Cat taraugus County. 
t o  sou theas t e rn  Allegany County where i t  is less than 5 f e e t  t h i ck .  

The Massive Black Shale zone of t h e  Rh ines t r ee t  v a r i e s  from a maximum of 148 f e e t  i n  Chau- 
This  zone can be t r aced  (Fig.11) 

S t ruc tu res  are similar t o  those i n  t h e  Dunkirk b u t  r e v e a l  a NE-SW trending b a s i n  wi th  a depo- 
c e n t e r  i n  Steuben County. (Fig. 12) 

SUMMARY 

Gamma Ray logs  f o r  142 w e l l s  were s t u d i e d  t o  a s c e r t a i n  t h e  subsurface s t r a t i g r a p h y  of t h e  
Dunkirk and Rh ines t r ee t  s h a l e s  from f a r  western t o  c e n t r a l  New York S t a t e .  Both u n i t s  con ta in  
massive b l ack  s h a l e s  ( i n  western New York) which t h i n  and pinch-out t o  t h e  east. The maximum 
massive b l ack  s h a l e  th i ckness  i n  t h e  Dunkirk i s  50 f e e t  and i n  t h e  Rh ines t r ee t  148 f e e t ,  both 
occurr ing i n  Chautauqua County. 

The t o t a l  Dunkirk appears t o  pinch-out i n  western Steuben County wh i l e  t h e  t o t a l  Rh ines t r ee t  
s t i l l  thickens eastwards of t h i s  area t o  1,500 f e e t  and con ta ins  many s c a t t e r e d ,  t h i n  b l ack  s h a l e  
beds. 

S t r u c t u r e  maps on t h e  base of t hese  u n i t s  i n d i c a t e  a gene ra l ly  NE-SW t rend ing  b a s i n  f l a t t e n i n g  
t o  E-W i n  t h e  f a r  western p a r t  of New York S t a t e .  
Chautauqua and Cattaraugus Counties as are previously known f a u l t e d  a n t i c l i n e s  i n  Allegany and 
Steuben Counties. 

Some new a n t i c l i n a l  f e a t u r e s  are revealed i n  
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STRATIGRAPHY AND GAS OCCURRENCE IN T H E  
DEVOQl I AI.1 ORGAN I C R I  CH SHALES OF PENMSY LVAII I A 

R. G. Piotrowski 
S. A .  Krajewski 
Louis Heyman 

- Pennsylvania Geological Survey - 

ABSTRACT 

Devonian shale gas was produced from shallow low pressure wells along Lake Erie in northwestern 
Pennsylvania between 1821 and 1880. Unfortunately, little information on these wells is availab!,e. 
Current production from the Devonian shales in Pennsylvania is limited to two wells, the Welch Foods, 
Inc. 1 3  well in Erie County and the Metropolitan Brick bl well in Beaver County. Using these wells 
as a starting point, a network of nine stratigraphic cross-sections is in preparation. 
provide a stratigraphic framework for the rocks between the Mississippian-Devonian boundary and the 
Onondaga limestone, Middle Devonian. 
rich shales in the lower part of this stratigraphic sequence. 
are defined: the Marcellus, the Rhinestreet, and the Dunkirk. Preliminary mapping of two of these 
major radioactive shales, Rhinestreet and Dunkirk, has been completed. These units were mapped 
since they are the primary producing intervals in the recent shale gas wells in Pennsylvania. 
maps indicate excellent exploration potential in northwest Pennsylvania. 
more extensive and thicker of the two. 
and extends over most of northwest Pennsylvania. 
eastern Erie and Crawford Counties looks very promising. 
northwest portion of the state, primarily in Erie County. 

The sections 

Special emphasis is given to the highly radioactive organic 
Three major radioactive shale units 

The 
The Rhinestreet is the 

It reaches a maximum thickness of approximately 200 feet 
The area of maximum Rhinestreet thickness in 

The Dunkirk is prospective in the extreme 
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2 STRATIGRAPHY AND GAS OCCURRENCE I N  THE DEVONIAN ORGANIC RICH SHALES OF PENNSYLVANIA EGS-8 

Black organic  r i c h  s h a l e s  of Devonian age u n d e r l i e  a l a r g e  p o r t i o n  of t h e  e a s t e r n  U. S. 
(Figure 1 ) .  I n  1821, t h e  f i r s t  w e l l  d r i l l e d  s p e c i f i c a l l y  f o r  n a t u r a l  gas  i n  t h e  U. S.  produced 
from these  black sha le s .  The w e l l  w a s  l oca t ed  i n  Fredonia,  Chautauqua County i n  western New York 
State .  Between t h e  discovery of t h i s  w e l l  i n  1821 and a t  least  t o  1880, n a t u r a l  gas w a s  produced 
from many shallow low p res su re  w e l l s  i n  a b e l t  a long Lake E r i e  from Dunkirk, New York, through Erie, 
Pennsylvania,  t o  Sandusky, Ohio. However, o t h e r  than some d e s c r i p t i v e  information,  l i t t l e  d a t a  i s  
a v a i l a b l e .  

I n  Pennsylvania,  t h r e e  f i e l d  areas are ind ica t ed  on old maps of E r i e  County. These f i e l d s ,  
which are t h e  Girard,  E r i e ,  and North East f i e l d s  (Figure 2 ) ,  are p a r t  of t h e  gas  t rend which 
extended along t h e  Lake and are bel ieved t o  be a s soc ia t ed  with t h e  black s h a l e  f a c i e s .  Locat ions 
and d r i l l e r ’ s  l ogs  are no t  a v a i l a b l e  f o r  t h e  w e l l s  i n  t hese  f i e l d s .  
been used l o c a l l y ,  t h e  f i e l d  o u t l i n e s  may simply d e f i n e  major populat ion areas and a c t u a l  production 
may have been more ex tens ive ,  

Since t h e  gas i s  known t o  have 

A t  p r e sen t  b l ack  s h a l e  production i s  l imi t ed  t o  two w e l l s  i n  Pennsylvania.  These are t h e  #1 
Metropol i tan Brick w e l l  d r i l l e d  by Quaker S ta te  i n  Beaver County, and t h e  #3 w e l l  d r i l l e d  by Welch 
Foods, Inc.  i n  E r i e  County (Figure 2 ) .  

D e t a i l s  of t h e  Metropol i tan Brick w e l l  are shown i n  Figure 3. The w e l l  was completed i n  
February, 1975 wi th  no n a t u r a l  gas  production bu t  with an  i n i t i a l  p o t e n t i a l  of 150 Mcf gas pe r  day 
a t  1150 pounds rock p res su re  a f t e r  f r a c t u r i n g .  
t h e  l o g ,  and t h e  gas product ive s h a l e s  which were pe r fo ra t ed  are ind ica t ed .  The logs  demonstrate 
t h a t  t h e  product ive s h a l e s  have a high gamma r a y  response,  low d e n s i t y  response and a high po ros i ty  
ind ica t ed  on t h e  neutron log ;  t h e  r e s i s t i v i t y  log shows a reading of 100 ohms o r  g r e a t e r ;  and t h e  
son ic  l o g  cyc le  s k i p s  through t h e  product ive s h a l e s .  The c y c l e  skipping may be caused by n a t u r a l  
f r a c t u r e s  o r  gas  i n  t h e  formation. The high r e s i s t i v i t y  presumably i n d i c a t e s  hydrocarbon content .  
The low d e n s i t y  and high gamma r a d i a t i o n  responses may r e s u l t  from high o rgan ic  content .  

The va r ious  s t r a t i g r a p h i c  u n i t s  are ind ica t ed  on 

Details of t h e  Welch Foods, Inc.  83 w e l l  i n  E r i e  County are shown i n  Figure 4. This  w e l l  i s  
loca ted  i n  t h e  o l d  s h a l e  producing area along Lake Erie, s p e c i f i c a l l y  i n  t h e  o l d  North East s h a l e  
gas  f i e l d ,  and may be a model f o r  t h e  type of product ion which occurred along t h e  Lake. The w e l l  
w a s  completed i n  September of 1976 with gas  production of 1 2  Mcf pe r  day n a t u r a l  f low, and an 
i n i t i a l  p o t e n t i a l  of 150 Mcf per day with 80 l b .  rock p res su re  a f t e r  f r a c t u r e .  The va r ious  s t ra t i -  
graphic  u n i t s  are ind ica t ed  on the  log ,  and i t  is  noted t h a t  t h e  h igh ly  r a d i o a c t i v e  zones have low 
d e n s i t y  log responses and high p o r o s i t y  readings on t h e  neutron l o g .  R e s i s t i v i t y  i n  these  zones is 
100 ohms o r  g r e a t e r .  These are i d e n t i c a l  t o  t h e  c h a r a c t e r i s t i c s  of t h e  gas  product ive zones i n  t h e  
Metropol i tan Brick w e l l .  
i n d i c a t e  f r a c t u r i n g .  The s i b i l a t i o n  l o g  w a s  no t  run i n  the  lower p o r t i o n  of t h e  w e l l ,  probably due 
t o  f l u i d  i n  t h e  ho le .  Treatment of t h e  w e l l  appears t o  have been based p r imar i ly  on t h e  s i b i l a t i o n  

A s i b i l a t i o n  l o g  w a s  a l s o  run i n  t h e  w e l l ,  and t h e  p o s i t i v e  readings may 

log .  

The r e l a t i o n s h i p  between n a t u r a l  gas  production and high gamma ray  responses  ind ica t ed  i n  t h e  
Metropol i tan Brick w e l l  and t h e  Welch Foods w e l l  demonstrate t h a t  s t r a t i g r a p h y  based p r imar i ly  on 
gamma r a y  log  c o r r e l a t i o n s  i s  a reasonable  approach t o  e s t a b l i s h i n g  t h e  s t r a t i g r a p h i c  framework of 
t h e  gas bear ing s h a l e s .  Published work by Martin and Nuckols [1976] and Bagnal and Ryan [1976] i n  
West Vi rg in i a  support  t h e  concept t h a t  t he  h igh ly  r a d i o a c t i v e  zones are t h e  gas bea r ing  zones. 
Martin and Nuckols p l o t t e d  t h e  gas  shows i n  thir ty-seven w e l l s  i n  t h e  C o t t a g e v i l l e  s h a l e  gas  f i e l d  
loca t ed  i n  Jackson and Mason Counties,  West Vi rg in i a ,  on a t y p i c a l  gamma r a y  l o g  from t h e  f i e l d .  
This  p l o t  shows a d i r e c t  c o r r e l a t i o n  between t h e  gas shows i n  t h e  w e l l s  and t h e  high r a d i o a c t i v e  
zones on the  gamma r a y  log .  
Gas Transmission Corp. /I9842 w e l l  i n  Kanawha County, West Vi rg in i a .  Their  r e s u l t s  show a d i r e c t  
c o r r e l a t i o n  between t h e  t o t a l  gas con ten t  of t h e  c u t t i n g s  and high r a d i o a c t i v i t y  on t h e  gamma r a y  
log  of t h i s  w e l l .  

Bagnal and Ryan analyzed w e l l  c u t t i n g s  f o r  gas  con ten t  from t h e  Columbia 

I n  t h i s  s tudy,  s h a l e s  which are c a l l e d  black o r  organic  r i c h  correspond t o  h igh ly  r a d i o a c t i v e  
zones def ined on t h e  gamma ray  log .  
con ten t  with some p o s s i b l e  r e l a t i o n s h i p  t o  f r a c t u r e s .  
l ogs  can a l s o  be c o r r e l a t e d  gene ra l ly  t o  black s h a l e  zones as def ined on sample logs .  
l ogs  were a l s o  employed f o r  b a s i c  c o r r e l a t i o n s  s i n c e  they are commonly run i n  most Pennsylvania 
w e l l s ,  are r e a d i l y  a v a i l a b l e ,  and can be i n t e r p r e t e d  c o n s i s t e n t l y .  

This response appears t o  be due p r imar i ly  t o  high o rgan ic  
Highly r a d i o a c t i v e  zones on t h e  gamma r a y  

Gamma r a y  

The s t r a t i g r a p h i c  terminology used i n  t h e  s tudy f o r  t h e  black s h a l e s  is  based upon comon usage 
i n  Pennsylvania.  However, s i n c e  most of t h e  black s h a l e s  have n o t  been p rev ious ly  def ined i n  
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Pennsylvania, New York terminology is applied to the majority of the black shale units [Oliver, et 
al., 19691. 
logs and cross-sections and are divided into massive radioactive and interbedded radioactive zones. 
Radioactivity in shales is believed to be due primarily to the degree of K40 concentration. Radio- 
active shales in this paper are those having a response which is 20 API units above a base line for 
normal shales. These abnormally high responses are believed to be due to the presence of elements 
of the uranium-thorium series which themselves may be related to the presence of organic matter. 
Twenty API units was selected for the cutoff line because this amount was thought to be consistently 
above any recognizable instrument or operator induced deviations of the gamma ray logs. Massive 
radioactive units are defined as those greater than 25 feet thick with split beds included only if 
the thickness of the overlying radioactive bed is greater than that of the intervening split. 
Highly radioactive beds which are not massive are defined as interbedded. 
tend to be massive radioactive near the base and gradational or interbedded toward the top. 

The radioactive portions of the formal stratigraphic units are also indicated on the 

Most of the black shales 

Using the established criteria, three major black shale units have been defined. These are 
the Middle Devonian Marcellus shale and the Upper Devonian Rhinestreet and Dunkirk shales. 
Rhinestreet is the primary producing interval in the previously mentioned Metropolitan Brick well 
in Beaver County (Figure 3). The thin Burket and Middlesex shales were also gas productive in this 
well, but the Rhinestreet is the primary producing interval. The Dunkirk shale is the primary 
producing interval in the previously mentioned Welch Foods, Inc. well in Erie County (Figure 4). 
The Dunkirk shale is believed to be equivalent to the Lower Huron shale of Ohio [Schwietering, 
19701 and to the primary producing interval in the Cottageville and Big Sandy shale gas fields of 
West Virginia. The Rhinestreet shale in the Welch Foods well (Figure 4) also appears to have good 
potential. The reason the Rhinestreet was not tested in this well is unknown. 

The 

The distribution of reported gas shows in the Devonian organic rich shales is shown in Figure 2. 
Marcellus shale gas shows have been reported mainly from wells in the north central and southeastern 
portions of the study area, whereas gas shows in the brown shales above the Tully have been reported 
mainly from wells in the northwestern portion of the state. The reported gas shows in the Marcellus 
appear to be closely related to the Chestnut Ridge anticline in Fayette and Westmoreland Counties. 
This may indicate that the shows are related to structure; however, it may also be a result of 
drilling density since most wells are drilled on structure. 
above the Tully Limestone are primarily located in two areas: one along Lake Erie, which is closely 
related to the old shale gas fields that extended along the Lake and to the recent shale gas 
producing well, the Welch Foods, Inc. 113. The other area is in Beaver County which is in the 
vicinity of recent shale gas production from the 111 Metropolitan Brick well drilled by Quaker State. 

The reported shows from brown shales 

A series of nine stratigraphic cross-sections have been constructed across Pennsylvania 
(Figure 5). 
descriptions. The stratigraphic sections provide a framework for the rock units between the 
Mississippian-Devonian contact and the top of the Onondaga Limestone of Middle Devonian age. 
These rocks encompass the Catskill clastic wedge in Pennsylvania and special emphasis is placed 
on the black, organic rich shales in the lower portion of this rock sequence. 

The sections are based primarily on the gamma ray log correlations with some sample 

Figure 6 and Figure 7 are two schematic diagrams across western Pennsylvania, east-west section 
Cl-C3, and north-south section A1-D1. The stratigraphic sections use the base of the Marcellus 
black shale as the datum with the top of the section at the Mississippian-Devonian boundary. 
boundary is placed at the base of one of the following sands: 
the Knapp - the Murrysville. 
what is called the "traditional" Mississippian-Devonian boundary [Kelley and Wagner, 19701. This 
time line is difficult to pick in the subsurface since there is no time linked lithologic break at 
the boundary. The same depositional system was continuous from Upper Devonian into Mississippian 
time . 

This 
the Berea - the Cussewago - the Corry- 

Although these sands are not exactly correlative, their position marks 

As mentioned previously, three major radioactive shales are defined in Pennsylvania. In 
sequence upward, these are the Marcellus, the Rhinestreet, and the Dunkirk shales (Figure 7 ) .  The 
cross-sections demonstrate that the Marcellus shale is a massive radioactive unit in southeastern 
Pennsylvania and becomes interbedded and thin toward the northwest. The Rhinestreet shale is an 
entirely massive radioactive unit in northwestern Pennsylvania and interfingers with less radio- 
active shales toward the southeast. In some wells only a portion of the rocks equivalent to the 
Rhinestreet shale appear to be radioactive. 
radioactive shale occurs in the Rhinestreet interval and in some wells, markers defining the 
interval of Rhinestreet equivalents could not be picked. 
organic black shales by clastics derived from the southeast. 

In the southeastern portion of the study area no 

This probably reflects dilution of the 
It should also be noted that the 
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radioactive portion of the Rhinestreet climbs slightly in the section defined as Rhinestreet 
equivalent. The Dunkirk shale, like the Rhinestreet, is massive radioactive in northwest Pennsyl- 
vania and becomes interbedded and increasingly undefinable toward the southeast. 
environment shifts toward the west from Marcellus to Rhinestreet to Dunkirk. This black shale 
environment shift probably reflects the progradation of the Catskill clastic wedge. 

The black shale 

The rocks which both overlie the black shales and are equivalent to the black shale in the 
eastern portion of the study area are primarily grey shales and siltstones with some thin sands. 
This thick sequence is undivided since the gamma ray log displays very little character throu_gh 
these rocks. 
are the traditional shallow oil and gas reservoirs of western Pennsylvania (Figures 6, 7). The 
indicated sandstones are defined by a 50% sand cutoff limit on the gamma ray log. In the oil and 
gas belt of western Pennsylvania, two major sandstone bundles are defined which are informally 
designated sandstone zone B and sandstone zone D. These lithic zones are further subdivided into 
intervals based upon driller's terminology for known producing sands. This informal division of 
the Upper Devonian sandstones is based upon Pennsylvania Geological Survey Progress Report 178 
[Wagner, 19691 and Pennsylvania Geological Survey Open File Report #1 [Kelley and Wagner, 19701. 
In the eastern portion of the study area sandstones are also present stratigraphically below the 
traditional producing sands of the oil and gas belt of Pennsylvania. 
informally labeled sandstone zone Bo. 
zones B and D are not separated by the shaly and silty zone C, all the sandstone zones merge and 
are not subdivided. Red beds, where reported in the 
rock sequence, are also defined on the section. 

Above these grey shales and siltstones are the sandstones of the Upper Devonian which 

These sands have been 
Also in the eastern portion of the study where sandstone 

This is the combined sandstone zone D-B-Bo. 

Preliminary mapping of two of the major radioactive zones defined on the cross-sections has 
been completed. The Rhinestreet and the Dunkirk shales were chosen since they are the primary 
productive zones in the two currently producing shale gas wells in Pennsylvania. 
portion of the shales were mapped because as demonstrated previously they define 
organic rich black shale facies. 

The radioactive 
the gas productive 

Figures 8, 9, and 10 are maps of the Rhinestreet shale including structure on the base of the 
shale, isopach of the massive radioactive shale, and total net feet of radioactive shale. The 
structure map shows a uniform dip to the southeast. The base of the shale is 500 feet below sea 
level along Lake Erie and dips to 4000 feet below sea level near the 25 net feet limit of radioactive 
shale in Beaver, Butler, and Clarion Counties. The massive radioactive Rhinestreet is observed to 
be limited to northwest Pennsylvania where it has a maximum thickness of approximately 200 feet. 
The Metropolitan Brick well in Beaver County which was mentioned previously produces gas primarily 
from the Rhinestreet shale. 
within the Rhinestreet and if this is taken as a minimum to predict possible gas production, the 
area of possible production from the Rhinestreet is quite extensive. The area of thick massive 
radioactive shale within the Rhinestreet in eastern Crawford and Erie Counties looks especially 
promising (Figure 9). The total net feet of radioactive shale within the Rhinestreet is shown in 
Figure 10. The net feet value includes both massive and interbedded radioactive shales. The 
radioactive shale is restricted to the northwest portion of Pennsylvania and has a maximum thick- 
ness of about 225 feet. 
map of total net feet of radioactive shale that the thick massive area in eastern Crawford and 
Erie Counties is very close to the total amount of radioactive shale, whereas toward the southwest 
in Venango and Butler Counties, even though the total amount of radioactive shale is relatively 
high, no single bed is greater than 25 feet in thickness. It is unknown at this time if potential 
gas production will be found only in the massive radioactive zones or if the interbedded zones are 
also prospective. 

This well has approximately 50 feet of massive radioactive shale 

It is noted that in comparing the massive radioactive shale map to the 

The presence of a natural fracture system may also be critical for production. 

Figures 11, 12, and 13 are maps of the Dunkirk shale, including structure on the base of the 
shale, isopach of the massive radioactive shale and total net feet of radioactive shale. Structural 
dip again is uniform to the southeast with some minor structural nosing. The base of the Dunkirk 
is just at or above sea level along Lake Erie and dips to approximately 2500 feet below sea level 
at the limit of 25 feet of total radioactive shale in the Beaver County area. 
radioactive Dunkirk shale (Figure 12) is restricted almost exclusively to Erie County with a 
maximum thickness of 75 feet near the New York border. Present production is restricted to one 
well, the Welch Foods well in the North East quadrangle near the Lake and the 50 foot thickness 
contours. 
primarily from this zone also. If 25 feet is taken as minimum for possible production, the 
potential area is restricted to Erie County. 
is shown in Figure 13. 

The area of massive 

The old Lake Erie shale gas production of the late 1880's is believed to have been 

The total amount of radioactive shale in the Dunkirk 
The radioactive shale is restricted to extreme northwest Pennsylvania, 
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primarily in Erie and Crawford Counties. 
County, with the 25 foot contour line probably extending through Ohio parallel t o  the Pennsylvania 
border, as shown by the dashed contour line. 

A small area of radioactive shale is located in Beaver 

Commercial production in shale gas fields in West Virginia and Kentucky is known to be related 
to natural fracture systems [Martin and Nuckols, 19761 [Patchen and Larese, 19761. The organic 
shales serve as the source beds and the fracture system the reservoir. Whether similar natural 
fracture systems occur in the shales in Pennsylvania, or whether the shales can be artificially 
stimulated to produce a reservoir is unknown at this time. What is known is that there are three 
major black shale bodies in the Upper and Middle Devonian of Pennsylvania. 
black shales, the Rhinestreet and Dunkirk, indicate excellent exploration potential in northwest 
Pennsylvania. The Rhinestreet is the more extensive and thicker of the two in Pennsylvania, but 
the Dunkirk is prospective in the extreme northwest portion of the state primarily in Erie County. 
Currently gas is produced from both shales but is limited to one well from each zone. A third 
well, the Peoples Natural Gas #l Fleck in Mercer County (Figure 2), is being considered by ERDA 
and the operator, Peoples Natural Gas Co., for fracturing. Radioactive zones within the Rhinestreet 
appear to have potential, and a successful completion would make the well the third current shale 
gas producer in the state. 
with extensive coring and logging, will be needed to determine the feasibility of economic develop- 
ment of this resource. 

Mapping of two of these 

Future exploration work, primarily drilling and testing of the shale 
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A r e a  o f  Devonian b lack  shales 

From D c w i t t ,  1976 
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Structure Codour Mop on the Bose d the Dunkirk Shole 
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WIRELIYE LOGS AND SAMPLE STUDIES I l  STRATIGfl,qP'IY AFJ9 G4S OCCU!?- 
RENCE OF THE DEVONIAI?I SHALES ALOAG T I E  SOUTHERY T I E  SECTION I N  
EISTERIJ KENTUCKY AMD VICINITY I 

Edward N. Wilson, Kentucky Research Foundation, University of Kentucky 
Jaffery S .  Zafar, Kentucky Research Foundation, University of Kentucky 

ABSTRACT 

A stratigraphic cross-section (the Southern Tie section) was constructed from Ross County, south- 
eastern Ohio, through northeastern Kentucky and Wast Virginia to Scott and nearby Counties in south- 
west Virginia, using wireline logs (principally the Gamma Ray and Density logs) and sample studies 
of key wells along the section. 

Stratigraphic correlation by wireline logs, although the section crosses from the craton in 
Ohio to the deep part of the Valley-and-Ridge, is straightforward, identifying an alternation of ra- 
dioactive and relatively non-radioactive shale units (some not present at the base in the northwest) 
across the whole section. In the southweast, there are more units at the base; and the upper radio- 
active units have been replaced by a different lithology. 
entirely consistent with lithology as apparent in samples. 
to organic content or dark color; but some shal& and metabentonites have unusual radioactivity, and 
some black shales (especially those exhibiting moderate rather than low density) are only slightly 
radioactive. 

But wireline log characteristics are not 
Radioactivity is usually proportional 

Drillers' shows of gas (indicative of the vertical position of reservoirs) are commonly but not 
exclusively near the top of radioactive units (the "Berea" production of Pike County, Kentucky, being 
a significant exception). 
possibly reservoir zones. 

Very low density shales may be related to fractured or sloughing zones, 

Intensive comparative study of sample descriptions, drillers' reports, and- wireline logs may be 
indispensable to effective stimulation of production in the individual well and to the full develop- 
ment of the gas potential of the Shales. 

INTRODUCTION 

The coming in to general use of the normal electric log (spontaneous potential and resistivity 
curves) in the forties was revolutionary to mud rotary country. The driller and geologist all of a 
sudden had a good depth control and a check on estimated sample lag; and in addition the logs them- 
selves were excellent clues to lithology and hydrocarbon content. Very quickly the promoter, (who 
did not understand the electric log) invented the work "picture" to describe them to this clients; 
and most of us smiled on this ploy as only a slight, but reasonable, exaggeration. Subsequently, 
new electrode configurations, contact electrodes, and induction logging were introduced to overcome 
difficulties with non-conductive mud or to increase precision of interpretation and/or computation; 
and the geologist was more or less in business without bothering about the rocks themselves. 

Cable tool country, as Appalachia, deals in casing strings and dry open hole, so the electric 
log does not work there; but the introduction of the gamma ray log (and shortly the neutron log), 
which could operate in dry open hole and see through casing, produced a similar revolution. 
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They were followed by more precise tools such as the Sidewall Neutron Porosity and Bulk Density. 
The gamma ray log is not as good a lithology detector as the electric log; but there is good correla- 
tion of sand and lime on one hand and fine-grained shale on the other, with carbonaceous and radio- 
active shale (such as is found in large fractions of the Devonian gas shales) being hyper-radioact- 
ive. In general, these logs do not give a clue as to hydrocarbon content (except the neutron log 
in cases of dry gas in a dry reservoir, and the temperature log where gas is being evolved). 

The general use of wireline logs in eastern Kentucky is a post-1960 phenomenon; and even now 
they are omitted as a pointless expense by many traditional and/or small independent operators. But 
the Shale gas play is now so marginal economically that most of it is by large operators who 2 run 
at least a correlation wireline log, and often run a whole suite for analytical purposes. Often the 
wireline suite is the only trustworthy document, as in some air rotary wells, where the driller is 
unable to interpret either the rig response or rate of penetration, and the samples are of (typical- 
ly) poor quality. 

However, the major portion of Shale well developments predates the common use of wireline logs; 
so drillers logs (or Well Completion Reports, to be more precise) supplemented in some instances 
by sample sets with or without operator-sponsored well-sitesample description may be our only avail- 
able documentation for important parts of the EGSP mission. 

So in some instances we may be forced to rely on wireline logs. 

As we use these data (drillers logs), I think we are impressed--even astonished-- at the amount 
and high quality of information typically retained in them. 
rections that connot be applied reasonably up the hole, some records that are marvels of brevity 
and ambiguity (usually in the critical wells), and a common failure to recognize or record slight 
variations in lithology or rock type in the Shalewhichis the chief focus of our attention. 

But also we see depth measurement cor- 

In the face of inadequacies of drillers' logs, as geologists, we are especially pleased by the 
correlation potential of gamma ray logs, even when the scales of raAioactivity of adjacent logs are 
different, bed-by-bed correlations are usually possible, and significant thicker units can frequent- 
ly be traced over long distances. Many of the ambiguities of the gamma ray log by itself are sim- 
ply resolved by the availability of additional curves, particularly the compensated formation den- 
sity log, that is, the formation density with caliper. 

Wireline logs, then, lead us readilly to a preliminary stratigraphic characterization of the 
Devonian Shales (indeed of the whole Paleozoic sedimentary comumn) and, by their success, may &- 
lead us into thinking we have an infallible handle on every significant fact that might come out of 
a hole. Also they are d--- easy to use. 

i 

It being easy to fall into the error of seeing a one-to-one correlation between wireline log 
and geologic property, and equally easy to discount the importance of any property which a wireline 
log fails to inform us about, it is wise to remind ourselves that a wireline l og  does no more than - 
to measure a geophysical property of a borehole and that we understand the rocks around the bore- 
hole only by analyzing and interpreting the logs and the borehole conditions under which they were 
obtained. 

And even assuming the highest levels of interpretive skills, we still need other data effectiv- 
ely to discharge our mission of characterizing the Eastern Gas Shales and enhancing their productive 
capacities. This paper hopes to illustrate the coordinated use of all available data toward this 
mission along a significant line-of-section in Ohio, Kentucky, West Virginia, and Virginia. 

CLASSIFICATION OF THE UPPER DEVONIAN SHALES BY L. J. PROVO. 

(Figure 1) 

Working in outcrop and subsurface in northeastern Kentucky, Linda Provo (Fulton) built up a 
perceptive classification of the Upper Devonian shales, by dividing them into seven units alternat- 
ing between bodies of black and brown organic shales with minor greenish-gray silty beds and bodies 
of greenish-gray silty (or calcareous) shale with subordinate dark organic shale. There is a gene- 
rally good correlation between high radioactivity on gamma ray logs and high organic content of 
the shale. 

At the beginning, Miss Provo used the Inland #537 FANNIN EST., 22-W-82, Boyd County, as her 

In her later dissertation, she shifted allegiance to Inland #533 FEE, 11- 
reference subsurface section. This well is on the Southern Tie Section. At this stage she was me- 
rely numbering her units. 
V-81 (a lso Boyd County) and correlated her units into parts of the standard Ohio nomenclature. Her 

146 



EGS-9 WILSON AND ZAFAR 3 

Unit 1 2  was tentatively correlated with Chagrin; but she identified a trio of good marker beds in 
outcrop which she and colleagues later formally named the Three Lick Bed, so the name Three Lick 
appears in the Table hereon. 

In this classification, units generally thin from the basin to outcrop, and lower ones may be 
absent. 
hence her question mark by that formation. 

Hence there can be a question whether Unit 117 is actually correlatable with the Marcellus, 

THE SOUTHERN TIE SECTION 

(Figure 2) 

The Appalachian Basin in late Devonian time is elongated northeast-southwest. The rocks are 
thickest at the southeast outcrop and thin to the northwest outcrop on the flank of the Cincinnati 
Arch. 
is transverse to the Basin and encounters considerable variation in that direction. 

Stratigraphic variation longitudinally is relatively slight; but the Southern Tie section 

The Section begins at outcrop in Ross County, Ohio thickens southeastward, crosses the Mavity 
Monocline in Boyd County (monocline in Pennsylvanian rocks at the surface, but probably a fault 
at Ohio Shale depths), the Walbridge Fault(s) in Lawrence County, the Warfield Fault in Martin 
County, and the locale of the Pine Mountain Fault (perhaps here an anticline if present at all) in 
Buchanan County, Virginia. From Buchanan County it doglegs south in one 37-mile jump to Scott 
County, Virginia, which is pretty deep into the Valley-and Ridge Province and where the Siluro- 
Devonian carbonates are nearly pinched out. 
which feature may follow a geological lineament with more than Recent significance. 
structural thin at 6-U-82, Lawrence County is due to the well's having been projected about six 
miles northeast to the line of section: 

For most of its course it follows the Big Sandy River, 
The apparent 

the shales seem t o  thicken in that direction, too. 

On this section, gamma ray log correlation is simple along its northwestern half over the whole 
interval; and is reasonably certain in the lower part (Units 85 and below) over the whole width of 
the Section. 

The Cleveland, Three Lick, and Upper Huron can be traced, thickening gradually from Ohio across 
the Pine Mountain anticline. 
plicably lost in 3-K-87 (Pike County), only to be regained southeast of the Pine Mt. anticline. 

The radioactive signatures of the Cleveland and Upper Huron is inex- 

Unit 15, *#6, Unit # 4  (Middle Huron) begins to thicken abruptly southeastward in Pike County. 
and #7 continue all across the section, splaying southeastward. Unit #7 (Marcellus ( ? ) >  is pinched 
out northwest-ward within Scioto County, Ohio (between 25-2-81 and 16-CC-79). 

In southeastern Buchanan County and in Scott County, Virginia, Units bl through K4 have lost 
all semblance of radioactive signature (the Brallier Formation?) but below these levels almost bed- 
by-bed correlation is possible. 

In a qualitative way, we observe that amount of radioactivity in a shale bed is proportional 
to its organic content; and in turn organic content is inversely proportional to bulk density. 
This rough approximation allows us to postulate correlations from the bulk density curve as well as 
from the gamma ray curve. 
does not indicate thin beds of exceptional organic content, but that the log itself is perturbed by 
either sloughing of walls of the hole, or by existence of fracturing, either of which might suggest 
loci of gas occurrence, and nearly always does portend completion problems. 

A SAMPLE DESCRIPTION DETAILS A GOOD DRILLERS LOG 

A very choppy density curve in a generally radioactive section (probably) 

(Figure 3) 

The advent of the good wireline l o g  lead to poorer drillers logs; but a well-kept drillers log 
(the rule in the 'old days') is astonishingly useful considering its usual brevity. 
and shows of gas andlor oil are routinely recorded; and neither of these can be obtained from wire- 
line logs. 

Color of rock 

The Columbian Fuel #l Jake SMITH, 10-M-86, Pike County, Kentucky was drilled in 1939 and has a 
good drillers log but no wireline log., and samples were kept. Now sample depth measurements are 
drillers depth measurements, but generally the intervals are shorter. Also, the geologist gets a 
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firsthand experience of the rock, whereas the drillers log has passed through the interpretive com- 
petences of the driller. 
ler's, but perforce does not identify shows with certainty. 
cable tool samples cause fewer interpretive problems than rotary samples. 

The result is a sample description which is more detailed than the dril- 
Except that limestone is ground up, 

Sometimes shale described as brown or brownish black or resinous is especially radioactive 
whereas a truly black (blackish black) is not; but commonly there may be no distinction between the 
colors of radioactive shales and non-radioactive shales. In this well however we have a signifi- 
cant discrepancy in that the sample description calls for much more black shale of the Sunbury than 
the driller recorded. Wireline logs in both directions do not resolve the dilemma, however, for 
the driller's thin Subury seems to fit the radioactive thickness in the well to the northwest, and 
the sample description's thick Sunbury appears to fit the radioactive thickness in the well to the 
southeast. 

In this well, the driller was content with one call of "Corniferous'l, but the geologist from 
the samples determines a rich Siluro-Devonian stratigraphy. This latter detail is essential to rea- 
sonable exploration. 

WIRELINE LOGS VERSUS MUD ROTARY SAMPLES 

(Figure 4 )  

Mud rotary samples have the biggest chunks, allowing the geologist to observe rock textures 
and structures. They do, however pose an interpretational problem (depthwise) from sample lag and 
contamination. 

In these two wells in Scioto.and Lawrence Counties, Ohio, we can make pretty good wireline 
log correlations. Specifically, we correlate the Bedford Formation between the wells, and, knowing 
that the Oriskany is present in Scioto County (although the resolution of the gamma ray log leaves 
its position vague) we identify an Oriskany zone in the Lawrence County well. 
ever, that the wireline log does not record color and the "Bedford" is red and siltier and sandier-- 
the Catskill. 
limestone, with the result that calling Oriskany Sandstone we actually have Bois Blanc Limestone. 

The facts are, how- 

And the gamma ray density logs do not readily differentiate between sandstone and 

In this case lithologic ambiguity was made more obscure because only poor resolution is possible 
for beds in thicknesses of 3 to 5 feet. 
are insufficient for correct interpretation. 

But the salutary lesson is that wireline logs by themselves 

WIRELINE LOGS VERSUS AIR ROTARY SAMPLES 

(Figure 5) 

Air rotary drilling is very speedy and there is virtually no sample lag. The samples come up 
mostly as a fine powder; and often we cannot determine whether certain lithologies may have been 
selectively blown away: in short, sample quality is typically poor to impossible. Often it is 
easy to find excuse to rely on wireline logs exclusively. 

It is an interesting irony, that Provo used the FANNIN well as a type. Her Unit #7 is predom- 
inately organic and radioactive, and it is identified in the FANNIN well, the only question being 
whether it can be correlated with the Marcellus black organic shale. 
good radioactive (ergo-organic-rich) bed in the unit. 

The gamma ray indicates a 

The samples, good quality although air rotary, are unmistakable. The shale is radioactive but 
medium gray and silty, not organic. Let's leave this before we stratigraphers get embarrassed! 

But perhaps an interpretational footnote might be in order: it may be that at diastems, un- 
conformities, and the like radioactivedetritus may accumulate--at least, sometimes the expected 
position of formational boundaries is occupied by a 'shale' which is more radioactive than thin 
shales above and below-- in eastern Kentucky the putative top of the Ohio Shale is frequently marked- 
ly radioactive. 
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FRACTURES AND RARE LITHOLOGIES ON WIRELINE LOGS AND SAMPLE DESCRIPTIONS 

5 

(Figure 6) 

The POBST and SMITH wells are 37 miles apart on the southeast end of the Southern Tie Section. 

The gamma ray logs of the upper part of the holes indicate no black or radioactive shales cor- 
relative with Units fl and 13 further northwest. 
not hesitant to identify black shale in the interval 5730-5770 as misplaced and to move it down to 
the interval 6130-6170 where samples are missing. We then have good correlation between the wire- 
line log and sample lithology. 

The gamma ray log is so conclusive that we are 

Lower parts of the wells correlate readily. 

There are reports of faults in the Smith well identified in a non-available dipmeter survey. 
- We are unable to see faults in the Shale either on the gamma ray log or in the samples; 
ly,unless we can spot duplication or omission of beds we can't identify faults. 
identify calcite-filled fractures (but no slickensides) in Unit #7, in the samples--perhaps this 
is  me contribution to placing gas in the hole. 

aprarent- 
We can, however, 

When our colleagues put a scintillometer against a metabentonite in a core or on an outcrop, 
they get a large radioactive response. In a well, however, since the bentonite is thin the 
gamma ray excursion is scarcely different than for a fine grained shale; so without samples we 
would usually interpret the wireline log as indicating normal shale or maybe brown shale rather 
than bentonite. In both the Pobst and the Smith wells, bentonites were found in the samples. 
Because of depth measurement discrepancies it is difficult to identify the particular beds of the 
gamma ray logs which are the expressions of the bentonites. 

We have tentatively located and identified the Tioga Bentonite in both wells. On the respective 
wireline logs higher bentonites found in each well (in Unit #6) look like clays in the Smith and 
brown shale in the Pobst. 

(Lights On) 

WHERE AND HOW DOES GAS OCCUR IN THE SHALE? 

This question is substantive to the mission of the Eastern Gas Shales Project. The driller, 
of course, merely says, "I call'em as I see'em''. And he does a creditable job. Scientific types 
have suggested three mechanisms of containment of the gas: (a) in finely silty layers with low 
permeability in the gray shales, (b) in fractures particularly in the organic rich parts of the 
shale, and (c) adsorbed on the organic constituents and feeding into fracture or intergranular 
porosity. It is an interesting fact that competent men from different areas of the Basin opt for 
different mechanism: it may well be that the actual mechanisms are locally controlled. 

RECOGNIZING GAS IN THE HOLE 

Usually shows of gas are not very large in the shale, and may not even be detectable. 
standard measure of a gas show in cable tool practice is the Open Flow (OF) test by orifice-meter 
or pitot tube, and the shut-in Rock Pressure Test. Both are taken at the surface and can be inva- 
lidated by too much open hole under the last casing, thiefing by higher porous beds, leaks in 
casing, and the special atypical reservoir properties of the Shale itself. 

The 

The driller himself has a serious problem in observing the evolution of gas: 
gas is coming out of the hole he may not be able to recognize a minor increment. 
drillers are notably conscientious about shows. 

if appreciable 
But cable tool 

Now the wireline Temperature Log, logged from the top down at first entry into the hole after 
it has been shut down to equilibrate, has come to aid the driller. For extremely small gas flows 
there is also the Differential Temperature log (which accentuates small anomalies) and the Sibila- 
tion Log (not common in Kentucky) which in effect detects minor hissing from very small flows of 
gas. 

(Figure 7) 

Temperature logs run i n  dry holes (holes not making gas) show a regular increase of temperature 
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w i t h  dep th .  
and i t  is  g e n e r a l l y  h ighe r  t h e  deeper you go. But one might a l s o  observe  t h a t  t h e r e  is  some cor- 
r e l a t i o n  between g r a d i e n t  and format ion  l i t h o l o g y :  
s h a l e s  have a medium g r a d i e n t ,  Basement rocks  have a r e l a t i v e l y h i g h  g r a d i e n t .  

The rate of i n c r e a s e  pe r  u n i t  of depth  ( s l o p e  of t h e  curve)  i s  t h e  geothermal  g r a d i e n t  

sands tones  and l imes tones  have a low g r a d i e n t ,  

When gas  is  produced i n t o  an empty borehole  a t  lower p r e s s u r e  i t  expands and c o o l s  a d i a b a t i c a l l y ,  
lower ing  t h e  tempera ture  of t h e  sur rounding  rock. The tempera ture  curve  has  a d i s t i n c t i v e  shape  
b e s i d e  d i s c r e t e  porous zones as i n  t h e  Big Lime where f a i r  volumes are be ing  produced. I n  t h e  Shale  
depth  f i x e s  f o r  shows are sometimes d i f f i c u l t  t o  o b t a i n ,  because  of vey small shows. 

On t h e s e  two l o g s ,  you can observe  t h a t  i n  many i n s t a n c e s  t h e  d r i l l e r  and t h e  tempera ture  l o g  
a g r e e  except  f o r  a depth  d iscrepancy .  But i n  one case a show deep i n  t h e  s h a l e  was n o t  r e p o r t e d  
by t h e  d r i l l e r .  Th i s  show appea r s  t o  be  coming from a r a d i o a c t i v e  (and presumably o rgan ic  r i c h )  
zone. 

DRILLERS SHOWS AND SHOW STRATIGRAPHY I N  THE SHALE 

When a consc ien t ious  d r i l l e r  r e p o r t s  b l a c k  o r  brown s h a l e  ve r sus  l i g h t  gray  s h a l e  and r e p o r t s  
shows of gas  as they  occur ,  w e  might b e  a b l e  t o  i n t e r p r e t  t h e  occurrence  of gas  i n  t h e  v a r i o u s  
u n i t s  of t h e  format ion .  

(F igure  8A) 

The d r i l l e r s  i n  Ashland F i e l d ,  Boyd County, were n o t  ve ry  c o n s i s t e n t :  as a r e s u l t  i t  i s  d i f -  
f i c u l t  a s s u r e d l y  t o  i d e n t i f y  Provo ' s  u n i t s .  
Cleveland o r  t h e  Three Lick .  Seve ra l  shows occur  i n  t h e  middle and lower p a r t s  of t h e  U. Huron, 
probably i n  t h e  o r g a n i c  r i c h  p a r t s .  

It  appears  t h a t  t h e r e  are no shows i n  e i t h e r  t h e  

The d r i l l e r  c a l l s  one o r  two "Gordons", p o s s i b l y  sands b u t  n o t  so i d e n t i f i e d .  The upper one 
may i n c l u d e  t h e  lower p a r t s  of t h e  Middle Huron (o rgan ic  poor) and t h e  upper p a r t s  of t h e  Lower 
Huron ( appa ren t ly  o rgan ic  r i c h ) .  There are t h r e e  r epor t ed  shows nea r  t h e  base  of t h e  Lower Huron 
presumably i n  o rgan ic  r i c h  rock. 

Three shows a t  o r  nea r  t h e  Lower Huron-Olentangy c o n t a c t  sugges t  poss ib ly  a secondary p o r o s i t y  
a t  an unconformity.  

Nearly a l l  t h e  shows are a s s o c i a t e d  wi th  o rgan ic  r i c h  rock. It  i s  s t r a n g e  t h a t  shows seem t o  
i f  f r a c t u r i n g  were through, one would expec t  accumulation i n  t h e  be  i n  t h e  lower p a r t s  of u n i t s :  

tops of u n i t s .  

On t h e  w i r e l i n e  l o g ,  one might n o t e  t h e  inc reased  bulk  d e n s i t y  i n  t h e  v i c i n i t y  of t h e  top  of 
t h e  S i l u r i a n :  t h i s  i s  a t t r i b u t e d  t o  dolomi te  and a n h y d r i t e  i n  t h e  S i l u r i a n  as c o n t r a s t e d  t o  
Devonian l imes tone .  

(F igu re  8B) 

Big Sandy d r i l l e r s  l o g s  i n  Mar t in  County are c o n s i s t e n t  and Provo ' s  u n i t s  are commonly ascer- 
An o rgan ic  r i c h  zone nea r  middle of t h e  g e n e r a l l y  o rgan ic  poor Three Lick  u n i t  is com- t a i n a b l e .  

monly recognized;  and t w o  shows are r epor t ed  from i t .  

Four shows a t  o r  nea r  t h e  top  and one about f i f t y  f e e t  below t h e  top  of t h e  o rgan ic  r i c h  Upper 
Huron are r epor t ed .  

A show i n  t h e  Middle Huron i s  n e a r l y  t h e  only  one documented from gray s i l t y  s h a l e  as c o n s t r a s t -  
ed wi th  brown o r  b l ack  o rgan ic  s h a l e .  

The o rgan ic  r i c h  Lower Huron i s  spangled wi th  shows i n  t h e  top ,  middle,  and nea r  t h e  base .  

(F igu re  8C) 

Big Sandy Drillers l o g s  i n  t h e  south  p a r t  of P i k e  County a r e  f a i r ,  l e s s  c o n s i s t e n t  t han  i n  
Mar t in  County, b u t  w e  n o t e  t h a t  t h e  d i f f e r e n t i a t i o n  beween o rgan ic  r i c h  and o rgan ic  poor rock  i s  
n o t  s o  d i s t i n c t  on t h e  w i r e l i n e  log ,  e i t h e r .  The d r i l l e r  is  c o n s i s t e n t  w i th  t h e  Cleveland, Three 
Lick ,  and Upper Huron, bu t  is  vague i n  d i s t i n g u i s h i n g  between Middle and Lower Huron. 
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This is Berea country, with two shows in the top of the Formation, but six in the lower part. 
There are shows in the middle of the 

Two shows are at top of Cleveland: 
lower part of the Three Lick may be in an organic rich body. 
Upper Huron, and a number throughout the Lower Huron. 

this is different from Boyd and Martin County. A show in the 

SUMMARY AND CONCLUSIONS 

(Figure 9) 

When the Southern Tie section is supplemented with sample descriptions we see little striking 
modification to the correlations we made from the wireline logs, escept that the unlogged hole in 
10-M-86, Pike County, has samples that appear to restrict the Cleveland (Unit #1) to a shorter 
section (reduced from the base) than the wireline correlation suggested. This change is perhaps 
the strongest hint not to rely exclusively on wireline logs. 

The fact that we can't find black organic rich rock in Unit #7 (Marcellus ( ? ) )  reminds US that 
our stratigraphic work needs some revision. 

(Lights up, please) 

Used with caution, we conclude that wireline logs are premier stratigraphic tools and serious 
engineering tools for depth control. 
neutron logs is a good correlation tool but is ambiguous with regard to some critical lithologies 
as metabentonites and radioactive but non-organic shales near formation boundaries. 

The gamma ray log by itself without resort to density or 

From temperature logs, and within the ambiguities of drillers logs, it appears that nearly 
all shows are in or near the brown or black organic rich and radioactive shale units at consistent 
stratigraphic positions. 
as tectonic constraints on their vertical extent. 

If the gas occurs only in fractures, then there are stratigraphic as well 

Fractures are difficult to identify in a borehole. Possibly the caliper log and a very noisy 
density log indicate zones of fractures. 
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APPENDIX 

Tables of w e l l s  used on Figures .  

S t a t e  County Operator-Well#-Farm Name Carter Elev. T o t a l  Comp. Date 
Coord . Datum Depth -- -- 

Figure 1 - -C las s i f i ca t ions  of Provo; and Figure 5--Air Rotary Samples. 

KY Boyd Inland Gas #533 FEE 11-V-81 862 KB 
KY Boyd Inland Gas #537 FA"1N 22-W-82 708 KB 

Figures  2 & 9--Southern T i e  Sec t ion  

OH 
OH 
OH 
KY 
KY 
KY 
wv 
KY 
KY 
KY 
KY 
KY 
VA 
VA 
VA 

Ross 
Sc io to  
Sc io to  
Boyd 
Boyd 
Lawrence 
Wayne 
Lawrence 
Martin 
Martin 
Pike 
Pike 
Buchanan 
Buchanan 
S c o t t  

Outcrop @ COPPERAS MT. 
Continental  #1  SHISLER 
USS Chemical # l  FEE 
Inland Gas #537 FA"1N 
Inland Gas #535 McKEAND 
Inland Gas #542 YOUNG 
Columbia 120060 FEE 
Columbia 19557 FIEGER 
United Fuel #1 JAMES 
Columbia 1120336 FEE 
Columbian Fuel #1 SMITH 
Columbia /I9697 KENTLAND 
Columbia 119781 PITTSTON 
Columbia /I9722 POBST 
Tidewater 81 SMITH 

2-GG76 
16-CC-79 
25-2-81 
22-W-82 
25-W-83 
6-U- 8 2 

15-T-84 
10- S- 83 
19-4-84 
16-P-85 
10-M-86 

3-K-87 
2-1-88 
4-H-89 
6-B-87 

531 DF 
557 KB 
708 KB 
868 KB 
884 KB 
647 KB 
802 DF 
659 KB 
944 KB 

1068 GL 
1293 DF 
1580 KB 
1683 KB 
1468 KB 

Figure 4--Mud r o t a r y  h o l e s  i n  Sc io to  and Lawrence Counties,  Ohio. 

OH Sc io to  Continental  #1 SHISLER 16-CC-79 531 DF 
OH Lawrence Ba l l a rd  & C .  #l COLLINS 11-AA-83 963 KB 

Figure 6--.. .unusual l i t h o l o g i e s  ... Virg in ia .  

VA Buchanan Columbia 89722 POBST 4-H-89 1683 KB 
VA S c o t t  Tidewater #1 SMITH 6-B-87 1468 KB 

Figure 8A--Drillers l o g s  i n  Ashland F i e l d .  

KY 
KY 
KY 
KY 
KY 
KY 
KY 
KY 
KY 

Boyd 
Boyd 
Boyd 
Boyd 
Boyd 
Boyd 
Boyd 
Boyd 
Boyd 

Pa t ton  #1 RALPH BROS. 
Ohio Southern #1 RICE 

Ky Fuel #97 WALKER 
Ohio-Ky 81 RAY 
Ky Fuel #K-79 PATTON 
Inland #96 PATTON 
Ohio-Ky #l CALDWELL 
Ohio-Ky #1 NUNLEY 

Ky Fuel #K-74 POLLIT & R 

2 4 -X- 8 3 
2 3-X-83 
2 3-X- 8 3 
2 3-X- 8 3 
2 3-X-8 3 
23-X-83 
2 2-X- 8 3 

557 

2-W-83 625 
2-W-83 7 60 

9595 04-09-1968 
7800 12-13-1968 

Base n o t  exposed 
1075 
5607 
7800 
9445 

12634 
3598 
4037 

13172 
3457 
5343 
4944 
6803 
7296 
7222 

1075 
2518 

7296 
7222 

2364 
2055 
2199 
2202 
2070 
2040 
2233 
2249 
2226 

12-01-1962 
06-06-1968 
12-1  3-1968 
06-17-1968 
05- 13-19 71 
03-05-1976 
09-23-1971 
05-07-1959 
11-05-1976 
11-12-19 39 
12-27-1972 
09-17-1973 
04-26-1973 
01-30-1964 

12-01-1962 
01- -1972 

04-26-1973 
01-30-1964 

08-29-1929 
12-04-1928 
04-06-1929 
12-11-1929 
02-20-1929 
05-17-19 29 
11-02-1929 
10-06-1930 
0 7-31-19 30 

EOS-9 

S t a t u s  

D&A 
Gas 

D&A 
WD 
Gas 
D&A 
D&A 
Gas 
Gas 
D&A 
Gas 
D&A 
Gas 
G a s  
D&A 
Gas 

D&A 
D&A? 

D&A 
Gas 

Gas 
Gas 
Gas 
G a s  
Gas 
Gas 
Gas 
G a s  
Gas 

152 



EGS -9 WILSON & ZAFAR 9 

APPENDIX (Cont . ) 
State County Operator-Well#-Farm Name Carter Elev. Total 

Coord. Datum Depth -- -- 
Figure 8B--Drillers logs in Big Sandy Field, Martin County, Kentucky. 

KY 
KY 
KY 
KY 
KY 
KY 
KY 
KY 
KY 
KY 
KY 
KY 

Martin 
Martin 
Martin 
Martin 
Martin 
Martin 
Martin 
Martin 
Martin 
Mart in 
Martin 
Martin 

Ky W.VA Gas 11539 CORNETT 
United Fuel 1'14263 SMITH 
Ky W.VA Gas 1'15274 CARLISLE 
Ky W.VA Gas 65245 PREECE 
Ky W.VA Gas i1.5296 CARLISLE 
Ky W.VA Gas /I5218 PREECE 
Warfield 113 CASSADY, A F 
Ky W.VA Gas 1'15276 CARLISLE 
Ky W.VA Gas /I5284 CARLISLE 
Warfield 1'13 CASSADY, J E 
Warfield 84 CASSADY, J E 
United Fuel 85 CASSADY, J E 

12-P-84 
11-P-84 
11-P-84 
11-P-84 
11- P- 8 4 
15-P-85 
10-P-84 
10-P-84 
10-P-84 
10-P-84 
6-P-85 
6-P-85 

880 
750 
835 
1130 
990 
1135 
737 
885 
860 
740 
1040 
865 

Figure 8C--Drillers logs in Big Sandy Field, Pike County, Kentucky. 

KY 
KY 
KY 
KY 
KY 
KY 
KY 
KY 

Pike 
Pike 
Pike 
Pike 
Pike 
Pike 
Pike 
Pike 

Columbian Fuel #B-llKY WV 
Columbian Fuel 8B-3 KY WV 
Columbian Fuel #B-5 FEE 
United Fuel 6 2  ROWE 
Columbian Fuel IB-1 KY W.VA 
Howe bH-19 KENTLAND 
Columbian Fuel #2 JUSTICE 
United Fuel i1.42 KENTLAND 

1-L- 8 6 
9-L-86 
9-L-86 
12-L-86 
2-L-86 
19-L-86 
22-L-86 
2 2-L- 8 6 

918 
1621 
1253 
1626 
928 
9 30 
761 
10 79 

2800 
3029 
2895 
3051 
2417 
2820 
2762 
2915 
2962 
2715 
3054 
2982 

3330 
3781 
4242 
4422 
3795 
4305 
3813 
4167 

Comp. Date Status 

- -1936 
10- 21-19 30 

- -1938 
? 

? 
? 

11-22-1913 - -1940 
04-09-1941 
11-04-1941 
0 5- 16- 1946 
05-17-1947 

06-14-1941 
09-18-1945 
0 3- 29- 19 4 6 
12-11-1952 
10-28-1944 
11-16-1931 
10-11-19 43 
06-14-1952 

Gas 
Gas 
Gas 
Gas 
Gas 

Gas 
Gas 
Gas 
Gas 
Gas 
Gas 

Gas 
Gas 
Gas 
Gas 
Gas 
Gas 
Gas 
Gas 
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Figure 1. L. J. Provo's classification of units of the Devonian 
Shale with their subsurface expressions in wireline 
logs in Boyd County, Kentucky. 
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Figure 5. Wireline log stratigraphy versus sample description 
in Inland #537 FANNIN EST., an air rotary hole in 
22-W-82, Boyd County, Kentucky. 
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Figure 2 .  Correlations, chief ly  by wireline logs ,  along the Southern T i e  Section i n  
Ohio, Kentucky, West Virginia and Virginia. 
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Figure  3. Comparison of d r i l l e r s  l o g  and sample d e s c r i p t i o n  i n  Columbian Fuel 111 
J. SMITH, a c a b l e  t o o l  h o l e  i n  10-If-86, P ike  County, Kentucky, w i th  
c o r r e l a t i o n s  t o  w i r e l i n e  l o g s  t o  t h e  nor thwes t  and sou theas t .  
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14 WIRELINE LOGS...ALONG THE SOUTHERN T I E  SECTION EGS-9 

Figure 4 .  Wireline log  c o r r e l a t i o n  cor rec ted  by sample descr ip t ions  
between two mud r o t a r y  holes  i n  Scioto and Lawrence 
Counties, Ohio. 

0 
E 

i < O T O  LO 0 
25  1 B 

FORMATION 

I 

~ 

BEREA- BEDFORD 

I CLEVELAND SH 
2 THREE LICED:: 

3 U HURON 

i 4 M HURON 

5 L HURO 
~- 

6 OLENTANGY 

2 MAf?€EL!Js f?L 
~ ONONDAGA . 

,111 a3 

c a 

158 



a s - 9  WILSON 6 ZAFAR 15 

BRLR 

MLBR 

159 



16 WIRELINE LOGS...ALONG THE SOUTHERN TIE SECTTON 

MARTIN CO., KENTUCKY 8-0-84 
UNITED FUEL GAS 88946 FEDERAL GAS, OIL, 

& COKE 

LAWRENCE CO., KENTUCKY 4-S-82 
KY. W. VA. GAS /I1429 COSSIN 

t 
! 

L - 
t 

t 

.- . 

. 

- t  

EGS-9 

Figure 7. Recognition of shows of gas in drillers logs and temperature logs of two 
wells in Lawrence and Martin Counties, Kentucky. 
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Figure 8A. Distribution of shows of gas i n  d r i l l c - s  l ogs  of 
Ashland Field,  Boyd County, Kentucky. 
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"CORNIFERCUS" 
ONONDAGA 

Figure 8B.  Distribution of shows of gas i n  drillers logs of 
part of Big Sandy F i e l d  i n  Martin County, Kentucky. 
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Figure 8C. Distribution of shows of gas i n  drillers logs  
of part of Big Sandy Field i n  Pike County, 
Kentucky . 
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20 WIRET.TNE TJXS.  . , AT,ONC THF. SOUTHERN TIE SECTTON 

Figure 9. The S o u t h e r n  T i e  S e c t i o n  w i t h  s a m p l e  d e s c r i p t i o n s  added .  
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JOW M, DENNISON AM) DANIEL A, TEXTORIS 
UNIVERSITY OF NORTH CAROLINA AT CHAPEL HILL 

CHAPEL HILL, t h ~  CAROLINA 27514 

ABSTRACT 

THE TIOGA BENTONITE I S  AN INTERVAL Up TO 203 FT (61 M) THICK W I T H  SEmRAL TUFF LAYERS. THE 
MIDDLE COARSE ZONE OF THE TIOGA CONSISTS OF THREE TUFF BEDS WITHIN AN INTERVAL OF 2 FT (0.6 M). 
THE TOP OF THE MIDDLE COARSE ZONE MARKS THE TOP OF THE ONESQUETHAW STAGE THROUGHOUT 102,000 SQ M I  

AND KENTUCKY. 
(265,000 SQ KM). I T  IS OMITTED BY OVERSTEP OF THE CHATTANOOGA-OHIO SHALE I N  EASTERN TENNESSEE 

THE BASE OF DEVONIAN SHALES I S  DIACHRONOUS, ABOUT 530 FT (160 M) BELOW THE TIOGA MIDDLE COARSE 
ZONE I N  NORTHEASTERN V I R G I N I A ,  AND ABOUT 45 FT (14 M) ABOVE THE TIOGA I N  CENTRAL OHIO. 

THE BEREA PLUTON NEAR FREDERICKSBURG, V I R G I N I A  I S  THE BEST FIT FOR AN INTRUSIVE EQUIVALENT OF 
THE VOLCANIC ROOT FOR THE MIDDLE COARSE 'ZONE. 

INTRODUCTION 

The Tioga Bentonite is a volcanic  ash layer which, by d e f l  i t i o n ,  mark t h e  top  of t h e  Onesque- 
thaw Stage throughout its occurrence i n  a con;inuous a r e a - o f  about 102,000 sq m i  (265,000 sq km) of 
t h e  e a s t e r n  and northeastern p a r t  of t h e  Appalachian basin.  The same t u f f  l a y e r  is a l s o  recognized 
i n  t h e  Michigan and I l l i n o i s  bas ins  by var ious authors .  This paper summarizes evidence, p r i n c i p a l l y  
from t h e  Appalachian basin,  which i n d i c a t e s  t h a t  the  p r i n c i p a l  source of volcanic  erupt ion w a s  lo- 
cated i n  t h e  Virg in ia  Piedmont a t  about l a t i t u d e  380, beyond t h e  l i m i t s  of present ly  preserved Devo- 
nian strata of t h e  Appalachian basin.  

PXEVIOUS WORK 

The f i r s t  i d e n t i f i c a t i o n  i n  t h e  l i t e r a t u r e  of t h e  bed now known as t h e  Tioga Bentonite w a s  by 
James H a l l  (1843, p. 163),  who described a c lay  p a r t i n g  near t h e  top  of t h e  Onondaga Limestone i n  
Seneca County, New York. I n  1931 Fe t tke  (p. 8 )  recognized a b i o t i t e - r i c h  l a y e r  near  t h e  base of t h e  
Devonian shales i n  t h e  Tioga Gas f i e l d ,  located i n  t h e  county by t h a t  name i n  northern Pennsylvania; 
i n  1949 he  proposed t h e  name Tioga Bentonite f o r  t h i s  subsurface marker (Ebright,  Fet tke,  and Ingham, 
1949, p. l o ) .  
of t h e  Marcellus Shale in western New York, and he  found t h a t  eastward i n  New York t h e  base of t h e  
Devonian S h a l e s  drops lower i n  t h e  s e c t i o n ,  so t h a t  t h e  Tioga Bentonite occurs a t  t h e  base of o r  
perhaps within t h e  lower few f e e t  of Marcellus Shale i n  t h e  C a t s k i l l  region (see c o r r e l a t i o n  c h a r t s  
by Rickard, 1964, 1975). Flowers (1952) f i r s t  i d e n t i f i e d  t h e  Tioga i n  w e l l s  of West Virginia ,  and 

Oliver (1954, 1956) i d e n t i f i e d  t h e  Tioga Bentonite bed a few f e e t  below t h e  bottom 
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2 TIOGA BENTONITE TIME-MARKER ASSOCIATED WITH DEVONIAN SHALES I N  APPALACHIAN BASIN EGS-10 
Fe t tke  (1952) summarized the  known occurrence of t h e  Tioga i n  the  subsurface of Pennsylvania.  Weaver 
(1956) and Lounsbury and Melhorn (1964) reported on t h e  c l a y  mineralogy of t he  Tioga. 

Outcrop s t u d i e s  of t h e  Tioga Bentoni te  i n  the  Appalachian Valley and Ridge Province w e r e  i n i -  
t i a t e d  by Dennison i n  1958, and then he c a r r i e d  t h i s  s t r a t i g r a p h i c  work westward i n t o  t h e  subsurface.  
Dennison (1960, 1961) recognized t h e  importance of t h e  Tioga as a t i m e  s u r f a c e ,  and he designated the  
Tioga Bentonite zone as t h e  top of t he  Onesquethaw Stage. Use of t he  Tioga t u f f  t o  mark t h e  top of 
t h e  Onesquethaw Stage has  been followed by Rickard (1964, 1975): Oliver  and o t h e r s  (1967, 1969). 

Tex to r i s  j o tned  Dennison i n  i n v e s t i g a t i o n  of t h e  Tioga i n  1963, adding emphasis on t h e  p e t r o l -  
ogy. 
(Dennison and Tex to r i s ,  1970, 1971),  based on much less d e t a i l e d  information than i s  now a v a i l a b l e .  

These au tho r s .have  published two s h o r t  papers  summarizing the Tioga s t r a t i g r a p h y  and petrology 

De ta i l ed  s t u d i e s  of t he  Tioga revealed t h a t  t h e r e  i s  more than one t u f f  l a y e r ,  e s p e c i a l l y  near  
t h e  proposed source area, and an i n t e r n a l  s t r a t i g r a p h y  has  emerged. 
tuffaceous i n t e r v a l ,  t h e r e  occurs  a bundle of t h r e e  o r  fou r  r e a d i l y  recognizable  t u f f  beds wi th in  a 
span of u sua l ly  two f e e t  (0.6 m), coa r se r  than any o t h e r  po r t ion  of t h e  Tioga tuffaceous material. 
This  i s  c a l l e d  t h e  Tioga middle coa r se  zone, and i s  apparent ly  t h e  po r t ion  of t h e  Tioga which forms 
t h e  p r i n c i p a l  marker horizon which can be t r aced  f a r t h e s t  from the  vo lcan ic  source.  The top of t h e  
Tioga middle coarse  zone i s  now designated as t h e  top of t h e  Onesquethaw Stage (Dennison and Hasson, 
1976, p. 285). 

Near t h e  middle of t h e  Tioga 

The Tioga vo lcan ic  a sh  was blown beyond t h e  l i m i t s  of t h e  Appalachian bas in  (Fig.  l), s o  t h a t  
t he  Tioga is  now gene ra l ly  recognized i n  the  deeper p a r t s  of t h e  I l l i n o i s  bas in  and on some Indiana 
outcrops and c o r e s  a t  t he  east edge of t h e  bas in  (Meents and Swan, 1965; Collinson and o t h e r s ,  1967; 
Droste and V i t a l i a n o ,  1973; Droste and Shaver, 1975a, 1975b). The Tioga i s  probably the  same ben- 
t o n i t e  as t h e  Michigan b a s i n  a sh  f a l l  c a l l e d  t h e  Kawkawlin Bentonite by B a l t r u s i a t i s  (1974, 19751, 
from occurrences nea r  t he  top of t h e  Lucas Formation. Droste and Shaver (1975a, 1975b) and Doheney, 
Droste,  and Shaver (1975) maintain t h a t  t h e  ben ton i t e  of northern Indiana (Fig.  1 of t h i s  paper) i s  
wi th in  t h e  D e t r o i t  River Formation and i s  equ iva len t  t o  the  ben ton i t e  of B a l t r u s i a t i s .  
of t h e  p re sen t  l i t e r a t u r e  controversy over  t h e  Tioga Ben ton i t e ( s )  of t h e  Midwest w i l l  u l t i m a t e l y  de- 
pend on a more d e t a i l e d  understanding of  t h e  Tioga s t r a t i g r a p h i c  p a t t e r n s  i n  the  Appalachian basin.  
Swan (Meents and Swan, 1965) thought he recognized the  Tioga i n  one Iowa outcrop,  which has  never 
been confirmed by o the r s .  

Resolut ion 

STRATIGRAPHY 

Some 127 Tioga outcrops are known i n  t h e  Valley and Ridge Province from Tennessee t o  Pennsyl- 
vania  and along t h e  north 'and w e s t  edge of t h e  Appalachian b a s i n  i n  New York and Ohio. 
t he  Tioga i s  recognized i n  some 400 w e l l s  i n  t h i s  bas in ,  from sample d e s c r i p t i o n s  o r  from a charac- 
t e r i s t ic  gamma ray  peak on w e l l  logs .  

I n  a d d i t i o n ,  

The Tioga Bentoni le  i n  outcrop i s  cha rac t e r i zed  by micaceous t u f f  l a y e r s  up t o  a few inches 
(few cent imeters)  t h i c k  and by i n t e r l a y e r s  of g ray i sh  brown t o  brownish gray, t h i n l y  laminated, 
p l a ty -  t o  sheety-weathering, t u f f aceous  s h a l e s  with a c o l o r  c o n t r a s t i n g  w i t h  t h e  medium dark gray t o  
black of t he  enclosing Devonian s h a l e s .  
f o r  t he  d r i l l e r s  term "brown break" recognized f o r  over  25 yea r s  near  t h e  base  of t h e  Devonian 
sha le s .  
w i th  abundant p y r i t e .  
w e l l s ,  but  mu l t ip l e  ben ton i t e s  a r e  sometimes noted. 
o r  they may be w e l l  cavings from a s i n g l e  l a y e r .  

This  brownish c o l o r  p e r s i s t s  i n t o  t h e  subsurface,  accounting 

I n  t h e  subsurface t h e  t u f f  beds are i d e n t i f i e d  i n  w e l l  c u t t i n g s  by prominent b i o t i t e  f l a k e s  
The Tioga c u t t i n g s  have been r epor t ed  gene ra l ly  a t  only one p o s i t i o n  i n  the  

These could r ep resen t  more than one a sh  l a y e r ,  

I n  outcrop,  c e r t a i n  tuffaceous l a y e r s  con ta in  p ro fuse  S t y l i o l i n a ,  T e n t a c u l i t e s ,  Leiorhynchus, 
and Ambocoelia, o f t e n  wi th  v a r i o u s  bedding p l anes  i n  a s i n g l e  exposure dominated by one p a r t i c u l a r  
genus, as i f  a s p a t f a l l  w a s  k i l l e d  by a sh  from an e rup t ion .  

The gene ra l  s t r a t i g r a p h i c  occurrence of t h e  Tioga wi th in  t h e  Devonian s h a l e s  i s  diagrammed i n  
Fig. 2, where t h e  l e t t e r  "T" des igna te s  an i d e n t i f i e d  Tioga occurrence a t  t h e  base of t h e  Millboro 
o r  Marcellus Shale.  
Tioga tuffaceous i n t e r v a l  coarsens eastward from about 2 f t  (0.6 m) i n  t h e  w e s t  t o  8 f t  (2.4 m) i n  
t h e  east. 
s h a l e s ,  and s e p a r a t e s  t h e  ove r ly ing  b l ack  s h a l e s  from the  limy, underlying dark gray s h a l e s  of t h e  

I n  t h i s  c r o s s  s e c t i o n ,  a t  t h e  l a t i t u d e  of t h e  sou th  border  of Pennsylvania,  t h e  

The Tioga middle coarse  zone occur s  p r e c i s e l y  a t  t h e  b a s a l  boundary of t h e  black Devonian 
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Needmore Shale  o r  t h e  l imy c h e r t y  beds of t h e  upper H u n t e r s v i l l e  Formation. J u s t  w e s t  of t h e  l e f t  
end of  t h e  c r o s s  s e c t i o n  i n  F ig .  2 ,  t h e  base  of t h e  Devonian s h a l e s  i s  even younger, and t h e  Tioga 
occurs  w i t h i n  l imes tone  benea th  t h e  Devonian s h a l e s .  I n  t h e  Marble C l i f f s  qua r ry  a t  Columbus, Ohio, 
an  i s o l a t e d  outcrop  of t h e  Tioga has been i d e n t i f i e d  a t  t h e  Columbus-Delaware Limestone c o n t a c t ,  so  
t h a t  i n  c e n t r a l  Ohio t h e  Tioga p o s i t i o n  a t  t h e  base  of t h e  Delaware Limestone i s  some 45 f t  (14 m) 
below t h e  base  of t h e  Devonian s h a l e s .  

The bottom of  t h e  Devonian s h a l e s  (Needmore Shale) ex tends  below t h e  Tioga i n  e a s t e r n  areas, 
w i t h  t h e  maximum s t r a t i g r a p h i c  d i s t a n c e  occur r ing  a t  Seven Fountains on Massanutten Mountain, Virgin- 
ia ,  where t h e  base  of  t h e  Needmore Shale  i s  about 530 f t  (160 m) below t h e  Tioga middle c o a r s e  zone. 
Using t h e  middle c o a r s e  zone as a t i m e  s u r f a c e ,  t h e  b a s e  of  t h e  Devonian s h a l e  climbs about 575 
s t r a t i g r a p h i c  f t  (175 m) from east t o  w e s t  a c r o s s  t h e  Appalachian bas in .  

The Tioga Bentoni te  is omi t ted  by o v e r s t e p  of t h e  Chattanooga-Ohio Shale ,  where t h e  unconformity 

The most southwestern 
i n c r e a s e s  westward onto  t h e  Nashv i l l e  dome and C i n c i n n a t i  a rch .  
continuous Tioga ou tc rops  and wells on t h e  w e s t  s i d e  of t h e  Appalachian bas in .  
ou tc rop ,  and t h e  on ly  outcrop  c e r t a i n l y  known i n  Tennessee, i s  where Tennessee Route 70 c r o s s e s  
Cl inch  Mountain (Dennison and Boucot, 1974).  There t h e  Tioga middle coa r se  zone i s  o b l i t e r a t e d  by 
weather ing  at  t h e  t o p  of  g l a u c o n i t i c  sandstone of  t h e  H u n t e r s v i l l e  Member of  t h e  Wildcat Val ley  Sand- 
s t o n e ,  b u t  t h e  brownish s h a l e s  and c h a r a c t e r i s t i c  f o s s i l s  of t h e  Tioga are r e a d i l y  i d e n t i f i e d .  A t  
least  f o u r  t u f f  beds are recognized t h e r e  i n  t h e  b a s a l  27 f t  (8.2 m) of t h e  Chattanooga (Millboro) 
Shale .  Tuff beds i n  t h e  same p a r t  of t h e  Mi l lboro  Shale  have been recognized i n  outcrops  as f a r  
away as Wythevi l le ,  V i r g i n i a ,  1 1 2  m i  (180 km) t o  t h e  n o r t h e a s t .  

F igu re  1 shows t h e  w e s t  l i m i t  o f  

I n  t h e  Ohio and Kentucky s u b s u r f a c e ' t h e r e  i s  a f a i r l y  pronounced w e s t  l i m i t  t o  t h e  occurrence  
of t h e  Tioga, e i t h e r  because of pre-Devonian s h a l e  e r o s i o n  of t h e  t u f f  bed, o r  because t h e  t u f f s  were 
depos i t ed  i n  sha l low water a long  t h e  C i n c i n n a t i  a r c h  and were g e n e r a l l y  o b l i t e r a t e d  by wave reworking. 
I s o l a t e d  Tioga occurrences  have been r epor t ed  a t  t h e  t o p  c o n t a c t  of t h e  Columbus Limestone a t  Colum- 
bus and Sandusky, Ohio. The westward t e rmina t ion  of  cont inuous  Tioga i n  Kentucky is  based on w e s t -  
ward ab rup t  l o s s  of t h e  c h a r a c t e r i s t i c  s t r o n g  gamma ray  k i c k  i n  w e l l  l ogs .  
sugges t s  t h a t  renewed subs idence  of t h e  Rome t rough pe rmi t t ed  p r e s e r v a t i o n  of t h e  Tioga benea th  t h e  
Chattanooga-Ohio s h a l e  ove r s t ep  s e v e r a l  m i l e s  f a r t h e r  w e s t  i n  Kentucky w i t h i n  t h e  Rome t rough s t r u c -  
t u r a l  reg ion .  

The mapped t e rmina t ion  

There  are s e v e r a l  Tioga tu f f aceous  l a y e r s .  The Tioga middle coa r se  zone is  e a s i l y  recognized 
as 3 o r  4 d i s t i n c t  t u f f  beds a l l  w i t h i n  an  i n t e r v a l  of g e n e r a l l y  2 f t  (0.6 m). The t o t a l  t h i ckness  
of t h e  middle c o a r s e  zone, as w e l l  as t h e  t h i c k n e s s  and f i e l d  obse rva t ion  of g r a i n  s i z e  of t h e  ind i -  
v i d u a l  t u f f s  w i t h i n  t h e  middle coa r se  zone a l l  i n c r e a s e  toward t h e  l a t i t u d e  of no r the rn  Massanutten 
Mountain (38O 4 5 ' )  i n  t h e  Val ley  and Ridge Province.  
number toward Massanutten Mountain, so t h a t  a t  Seven Founta ins  t h e r e  occurs  a maximum of  31 si l t-  t o  
sand-s ize  t u f f  beds w i t h i n  t h e  t o t a l  Tioga i n t e r v a l .  
c o a r s e  zone. The middle coa r se  zone t h i n s  and becomes f ine r -g ra ined  away from Massanutten Mountain, 
SO t h a t  a t  t h e  most no r the rn  outcrop  i n  t h e  Valley and Ridge (Be l l e fon te ,  Pennsylvania) ,  t h e r e  is  a 
s i n g l e  tu f f aceous  zone 0 . 3  f t  (0.09 m) t h i c k  a t  t h e  Marcellus-Selinsgrove c o n t a c t ,  bu t  w i t h i n  t h i s  
l i gh te r - co lo red  tu f f aceous  zone t h e r e  a r e  t h r e e  f a in t ly - r ecogn izab le  graded t u f f  beds ;  t h u s  t h e  mid- 
d l e  coa r se  zone merges i n t o  a s i n g l e  l i gh te r - co lo red  c l a y  p a r t i n g  f a r  from t h e  vo lcan ic  source .  
i s  appa ren t ly  t h e  s i n g l e  Tioga Bentoni te  bed recognized i n  outcrops  of New York (Ol ive r ,  1954, 1956) 
and i n  t h e  i s o l a t e d  outcrop  w i t h i n  t h e  I l l i n o i s  b a s i n  (Fig.  1). 
middle coa r se  zone i n  s e v e r a l  ou tcrops  i n  Pennsylvania t h e r e  occurs  another  t u f f  l a y e r ,  and t h i s  is 
mobab ly  t h e  so-ca l led  "second Tioga" which occurs  i n  some w e l l s  i n  wes te rn  New York and ad jacen t  
Pennsylvania.  
vo lcan ic  source ,  and only  one Tioga bed (middle coarse)  extends t o  w e l l s  l o c a t e d  t h e r e  and t o  out -  
c rops  i n  e a s t - c e n t r a l  New York. 

The a d d i t i o n a l  t u f f  l a y e r s  a l s o  i n c r e a s e  i n  

These extend both above and below t h e  middle 

Th i s  

About 10  f t  ( 3  m) below t h e  Tioga 

Eas te rn  New York and n o r t h e a s t e r n  Pennsylvania are l o c a t e d  f a r t h e r  from t h e  apparent  

The Tioga tu f f aceous  i n t e r v a l  i s  no t  v e r t i c a l l y  cont inuous  t u f f  o r  t u f f aceous  brownish s h a l e  i n  
There are a l s o  in t e rven ing  l a y e r s  w i th  no recognizable  tu f f aceous  admixture. It outcrops  o r  w e l l s .  

i s  p o s s i b l e  t o  determine from outcrop  and w e l l  sample d e s c r i p t i o n s  t h e  t o t a l  recognizable  th i ckness  
of s t ra ta  w i t h  t u f f  admixture.  This  t o t a l  t h i ckness  is  isopached on t h e  map i n  Fig.  1, which shows 
a maximum of 203 f t  ( 61  m) a t  Seven Fountains on Massanutten Mountain. 

The Tioga middle coa r se  zone i s  an isochronous s u r f a c e  throughout i t s  occurrence i n  t h e  Appala- 
chian bas in .  It w a s  apparent ly  depos i ted  on t h e  sea f l o o r  below wave base ,  s i n c e  t h e  i n t e r n a l  stra- 
t ig raphy  of t h e  middle coarse-zone  i s  always recognizable .  The s t r a t a  which enc lose  t h e  middle 
coa r se  zone a r e  a complex group of f a c i e s .  
ga Limestone, But te rmi lk  Fa l l s  Limestone, Se l insgrove  Limestone, Needmore Shale ,  H u n t e r s v i l l e  Cher t ,  

A t  va r ious  p l aces  t h e  middle coa r se  zone rests on Ononda- 
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and Wildcat Valley Sandstone. O l ive r  (1956) be l i eved  t h a t  t h e  lowest Marcel lus  probably dropped be- 
nea th  t h e  Tioga i n  e a s t e r n  New York, but  Dennison has  observed t h e  Tioga a t  t h e  p r e c i s e  Onondaga- 
Marcellus boundary i n  w e l l s  j u s t  w e s t  of t h e  C a t s k i l l  escarpment outcrop b e l t .  

The Tioga middle coa r se  zone n e a r l y  everywhere i n  t h e  Appalachian b a s i n  i s  o v e r l a i n  d i r e c t l y  by 
b l ack  s h a l e  of t h e  Marcellus,  Millboro,  o r  Ohio Shale  Formations (with nomenclature usage determined 
by presence o r  absence of c e r t a i n  s i l t s t o n e  u n i t s  hundreds of f e e t  h ighe r  i n  t h e  s t r a t i g r a p h i c  sec- 
t i o n ) ,  but  i n  t h e  northwest t h e  middle coa r se  zone i s  o v e r l a i n  by l imestone ( i n  western New York by 
t h e  Seneca Member of t h e  Onondaga Limestone o r  by t h e  Delaware Limestone i n  much of Ohio). 

The geologic  moment of t h e  Tioga middle coa r se  zone volcanism w a s  a l s o  t h e  t i m e  of an abrupt  sea 
l e v e l  rise ( o r  dropping of t h e  sea f l o o r )  throughout t h e  Appalachian b a s i n  (Dennison and Head, 1975).  
Throughout most of t h e  b a s i n ,  where t h e  middle coa r se  zone is  preserved,  t h e r e  w a s  an ab rup t  t r a n s i -  
t i o n  immediately a f t e r  t h e  volcanic  event t o  a b l ack  s h a l e  environment (Marcellus o r  Millboro) d i r e c t -  
l y  ove r ly ing  Onesquethaw Stage che r t  o r  l imestone o r  l imestone and sha le .  It i s  d i f f i c u l t  t o  know 
f o r  c e r t a i n  whether t h i s  change i n  sedimentat ion was a r e s u l t  of sea l e v e l  rise, o r  i f  t h e  sudden 
incu r s ion  of eux in ic  s h a l e  r e s u l t e d  from t e c t o n i c  downsinking of t h e  b a s i n  accompanied by a sudden 
U p l i f t  of t h e  t e r r igenous . sou rce  area as t h e  
volcanism. 
o u t b u r s t ,  and t h e i r  d i s t r i b u t i o n  around t h e  bas in  margin suggests  a real r ise  i n  sea l e v e l .  
e a s t e r n  West Vi rg in i a  and p a r t  of southwestern Vi rg in i a  t h e  shal low marine Bobs Ridge Sandstone i s  
d i r e c t l y  Overlain by t h e  Tioga followed by black Millboro Shale  (Dennison, 1961).  The same l i t h o l o -  
g i c  sequence occurs  a t  Clinch Mountain, Tennessee (Dennison and Boucot, 1974).  I n  Wise County, V i r -  
g i n i a ,  c o r a l  b i o s t m m a l  sandy l imestone i s  o v e r l a i n  by black Millboro Shale ,  w i t h  t h e  Tioga l a y e r  
s e p a r a t i n g  them (Dennison, 1961). A t  Seven Fountains i n  t h e  Massanutten Mountain area of V i r g i n i a ,  
t h e  Tioga rests on probable moderate water-depth s i l t y  sandstone of t h e  upper Needmore Formation, and 
t h e  Tioga zone is  d i r e c t l y  o v e r l a i n  by f i s s i l e ,  very da rk  gray s h a l e  of t h e  Marcellus Formation. A t  
Bowmanstown, Pennsylvania,  shallow marine sandy l imestones and sandstones of t h e  Buttermilk F a l l s  
Formation (Epstein,  Sevon, and Glaeser, 1974). c o n t a i n  t h e  lowest t u f f  l a y e r s  of t h e  Tioga; t h e s e  are 
followed by t h e  middle coa r se  zone of t h e  main Tioga e r u p t i o n  and are immediately o v e r l a i n  by f i s s i l e  
black s h a l e s  of t h e  Marcellus.  
t h e  upper Onondaga Limestone w a s  probably deposi ted s l i g h t l y  below wave base ,  b u t  immediately a f t e r  
t h e  Tioga a sh  f a l l  an upward change t o  very f i n e  muds of t h e  b a s a l  Marcellus Shale  probably i n d i c a t e s  
an  i n c r e a s e  of water depth (Lawrence Rickard,  pe r sona l  communication, 1975).  A l l  of t h e s e  l o c a l i t i e s  
with l o c a l  evidence of water depth i n c r e a s e  combine t o  show a r eg iona l  consis tency probably implying 
a t r u e  sea l e v e l  rise throughout t h e  Appalachian bas in .  

Acadian orogeny w a s  i n t e n s i f i e d  a t  t h e  moment of Tioga 
Evidence a t  s e v e r a l  l o c a l i t i e s  f avor s  a c t u a l  water depth i n c r e a s e  fol lowing t h e  vo lcan ic  

In south- 

In  c e n t r a l  and e a s t e r n  ou tc rops  and i n  t h e  subsurface of New York, 

PETROLOGY 

Nearly 300 samples pf t h e  Tioga t u f f  and a s soc ia t ed  rocks have been s t u d i e s  i n  d e t a i l .  Besides  
t h e  petrography, reported i n  t h i s  paper,  a number of o t h e r  ana lyses  have been performed such as X- 
ray' d i f f r a c t i o n ,  d i f f e r e n t i a l  thermal a n a l y s i s ,  Kendall Rank Cor re l a t ion  Coef f i c i en t  t e s t ,  and atomic 
abso rp t ion  spectrometry.  The r e s u l t s  of t hese  w i l l  be given i n  a l eng thy  subsequent paper t o  b e  pub- 
l i s h e d  i n  197fl. 

Besides t h e  samples from t h e  Appalachian bas in ,  w e  s tud ied  some from ou tc rops  and w e l l s  from 
sou theas t e rn  Michigan, southwestern Indiana,  and e a s t - c e n t r a l  I l l i n o i s ,  a l l  of which are probably 
Tioga Bentoni te .  These a r e a s  w i l l  e n t e r  i n t o  our ana lyses  i n  a subsequent paper.  

The Tioga t u f f  ranges ( i n  i t s  o r i g i n a l  rock s t a t e )  from coa r se  c r y s t a l  t u f f s  r i c h  i n  b i o t i t e  and 
f e l d s p a r s  (Fig.  3) t o  t u f f aceous  s h a l e s .  A l a r g e  v a r i e t y  of d i a g e n e t i c  p rocesses  h a s  a l t e r e d  t h e s e  
t u f f s  t o  rock types such as bleached b i o t i t e - r i c h  mudstone o r  s h a l e .  The most widely d i s t r i b u t e d  
beds of t h e  middle coarse  zone range rrom coa r se  b i o t i t e - f e l d s p a r  c r y s t a l  t u f f s  nea r  t h e  pos tu l a t ed  
source volcano t o  v i t r i c - c r y s t a l  t u f f s  t o  f i n e  v i t r i c  t u f f s  and f i n a l l y  tu f f aceous  s h a l e s  f a r t h e s t  
away i n  New York, and b i o t i t e - b e a r i n g  o r  t u f f aceous  dolostones,  s h a l e s ,  and s i l t s t o n e s  i n  Ohio. 

Perhaps t h e  most unique cha rac t e r  of t h e  Tioga t u f f ,  both megascopically and microscopical ly ,  i s  
t h e  presence of euhedral  t o  subhedral  c r y s t a l s  of bleached b i o t i t e  (Fig.  4 ) .  
zone, t h e  b i o t i t e  nay c o n s t i t u t e  up t o  80 percent  of t h e  t u f f .  It l ies  p a r a l l e l  t o  bedding, i s  o f t -  
en graded, and occurs  densely packed o r  s c a t t e r e d  throughout t h e  rock.  B i a m e t e r  t o  t h i ckness  r a t i o s  
vary from 4 : l  nea r  t h e  source t o  1 2 : l  i n  more d i s t a n t  areas. A d i s t r i b u t i o n  of b i o t i t e  s i z e  is given 
i n  Fig.  6 ,  and a p a t t e r n  away from t h e  probable source i n  no r theas t e rn  V i r g i n i a  i s  evident .  S i m i l a r  
d i s t r i b u t i o n  maps f o r  f e l d s p a r  and qua r t z  emphasize t h i s  p a t t e r n ,  with c o a r s e s t  c r y s t a l s  i n  northern 
Vi rg in i a  corresponding t o  t h e  t h i c k e s t  accumulation of t u f f - in f luenced  beds (Fig.  1). The i r o n  

I n  t h e  coa r se  middle 
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leached from t h e  b i o t i t e  t o  produce t h e  bleached appearance h a s  been used t o  supply  i r o n  f o r  t h e  
au th igen ic  p y r i t e  and l i m o n i t e  s t a i n  which pervades most samples. 
f i e d  by X-ray; a l s o ,  bu t  has  no t  been i s o l a t e d  p e t r o g r a p h i c a l l y .  

Some muscovite h a s  been i d c n t i -  

Up t o  35 pe rcen t  of some samples of t h e  middle coa r se  zone c o n s i s t  of euhedra l  and fragmented 
K-feldspar and Na-rich p l a g i o c l a s e .  Included i n  t h e s e  a r e  mic roc l ine ,  a l b i t e ,  s a n i d i n e ,  and ande- 
s i n e .  The cond i t ion  of t h e  f e l d s p a r s  v a r i e s  cons iderably  from very  f r e s h  u n a l t e r e d  t y p e s ,  p a r t i c u -  
l a r l y  from t h e  subsu r face ,  t o  t hose  completely rep laced  by k a o l i n i t e ,  c a l c i t e ,  i l l i t e ,  and p o s s i b l y  
some z e o l i t e s  (F igs .  5 and 11 ) .  Usually,  however, even samples which have undergone extreme diagene- 
sis d i s p l a y  s u f f i c i e n t  evidence t h a t  f e l d s p a r s  were once p r e s e n t ,  even t o  t h e  p o i n t  where twinning 
has  been preserved  i n  t h e  c l a y s  t h a t  rep laced  t h e  f e l d s p a r .  The d i s t r i b u t i o n  p a t t e r n  of t h e  f e l d s p a r  
(F ig .  7) fo l lows  o t h e r  c r y s t a l  p a t t e r n s ,  d i s p l a y i n g  a d i s t i n c t  n o r t h e a s t  a x i s ,  and i n d i c a t i n g  t h a t  
t h e  source  volcano w a s  no t  f a r  from n o r t h e a s t e r n  Vi rg in i a .  

Q u a r t z ,  which seldom exceeds f i v e  pe rcen t  of  t h e  sample, occu r s  i n  two ways i n  t h e  middle coa r se  
zone, both of which sugges t  a vo lcan ic  source  r a t h e r  than  a t e r r i g e n o u s  one (F ig .  8 ) .  It occur s  as 
broken c r y s t a l  fragments which a r e  angular  and have t h e  e longa te  geomecry of s l i v e r s .  L e s s  o f t e n ,  
i t  occurs  as euhedra l  c r y s t a l s ,  some wi th  embayed zones. Both types  are very  clear w i t h  non-undulat- 
i n g  e x t i n c t i o n .  
b i o t i t e  and f e l d s p a r  show. S ince  qua r t z  i s  no t  very  common, even i n  samples from nea r  t h e  sou rce ,  it 
is  not  reasonable  t o  expec t  t o  f i n d  mic roscop ica l ly  d i s c e r n a b l e  vo lcan ic  q u a r t z  i n  samples f a r t h e r  
away, e s p e c i a l l y  i f  t e r r i g e n o u s  q u a r t z  had been in t roduced  i n t o  t h e  environment. 

F igure  10 d i s p l a y s  t h e  r e g i o n a l  s i z e  d i s t r i b u t i o n ,  r e i t e r a t i n g  a p a t t e r n  which t h e  

V i t r i c  p o r t i o n s  of t h e  t u f f ,  as g r e a t  as 90 pe rcen t ,  make up t h e  ma t r ix  and were probably  o r i g i n -  
a l l y  f i n e  g l a s s  d u s t  and sha rds  (F ig .  9 ) .  The g l a s s  has  d e v i t r i f i e d  t o  i l l i t e  w i t h  smaller amounts 
of smectite. S ince  t h e  v i t r i c  material w a s  f i n e r  i n  s i z e  than  t h e  c r y s t a l s ,  i t  would have been blown 
f a r t h e r  from t h e  volcano and form t h e  bulk  of t h e  r e p r e s e n t a t i v e  material of t h e  c o a r s e  middle  zone 
f a r t h e s t  from t h e  volcano; t h u s  producing c l ay - r i ch  beds amongst o t h e r  non-clay rocks .  A few samples 
con ta in  what appear t o  be  ghost fragments of pumice o r  l a r g e r  p i e c e s  of v i t r i c  t u f f .  Up t o  e i g h t  
percent  of some samples c o n s i s t  of t h e s e  clasts,  which range from 1 t o  2 mm. 

Euhedral z i r c o n  and a p a t i t e  (F igs .  9 and 11) are t h e  common vo lcan ic  trace mine ra l s .  Maximum 
dimensions are up t o  0.25 mm, and t h e  two minera ls  may be found intergrown. 
s i z e  d i s t r i b u t i o n  i s  s imilar  i n  p a t t e r n  t o  t h o s e  of t h e  major vo lcan ic  mine ra l s .  

The g e n e r a l  r e g i o n a l  

A s  expected i n  such a porous and permeable material as a t u f f ,  e s p e c i a l l y  c o n t a i n i n g  u n s t a b l e  
i n g r e d i e n t s  such as f i n e  g l a s s ,  a mu l t i t ude  of mine ra l s  have rep laced  o r i g i n a l  material and f i l l e d  
vo ids .  Major products  of d i a g e n e s i s  are i l l i t e ,  k a o l i n i t e ,  s m e c t i t e ,  and p y r i t e ,  followed by less 
abundant gypsum, basa lumin i t e ,  l i m o n i t e , ~ c a l c i t e ,  c h l o r i t e ,  and z e o l i t e s .  

SOURCE VOLCANO 

Specula t ion  as t o  t h e  l o c a t i o n  of t h e  volcanic  source  of t h e  Tioga t u f f s  w a s  n o t  p o s s i b l e  u n t i l  
an  a r r a y  of ou tcrops  and w e l l s  had been examined t o  permit d e t a i l e d  s t r a t i g r a p h i c  sampling ove r  a 
l a r g e  geographic a r e a .  The exac t  l o c a t i o n  i s  s t i l l  unknown, bu t  improved d a t a  permi t  a more p r e c i s e  
geographic l o c a t i o n  f o r  t h e  p lu ton  which fed  t h e  volcand. 

Based on isopach p a t t e r n s  of t h e  Tioga Bentoni te ,  Dennison (1961) concluded t h a t  t h e  sou rce  
volcano was probably loca ted  s e v e r a l  m i l e s  sou theas t  of t h e  p o s i t i o n  of Lexington o r  S taunton ,  V i r -  
g i n i a .  Seve ra l  c r i t i c a l  ou tcrops  had no t  y e t  been d iscovered ,  so t h a t  t h e  c e n t e r  of  t h i c k e s t  Tioga 
is now about 70 m i  (110 km) f a r t h e r  n o r t h  bu t  s t i l l  on t h e  east s i d e  of  t h e  outcropping  Devonian f o l d  
b e l t  (Fig.  1). 

More d e t a i l e d  s tudy  l e d  Ol ive r  and o t h e r s  (1967, p. 1019) t o  p o s t u l a t e  a sou rce  vo lcan ic  area 
nea r  Monterey, V i r g i n i a .  This  w a s  done on t h e  b a s i s  of gene ra l  i sopach  d a t a ,  c r y s t a l  s i z e ,  t h e  geo- 
graphic  and s t r a t i g r a p h i c  d i s t r i b u t i o n  of p y r o c l a s t i c s ,  and e s p e c i a l l y  t h e  p re sence  of apparent  l a v a  
flows i n  t h e  Tioga p o r t i o n  of t h e  s t r a t i g r a p h i c  column. 

F u l l a g a r  and Bot t ino  (1969) ob ta ined  K-Ar and Rb-Sr d a t e s  on t h e s e  appa ren t  f lows ,  r e s u l t i n g  i n  
The apparent  f lows are r e a l l y  s i l ls  in t ruded  i n t o  t h e  Tioga Benton- 

The T e r t i a r y  age i s  confirmed by t h e  presence  of igneous g l a s s  a long  t h e  c h i l l  margins of 
a 47 m i l l i o n  yea r  age (Eocene). 
i t e  zone. 
one of t h e  d i k e s  i n  t h e  a r e a  (pe r sona l  communication, Char les  Milton, 1972) ,  and by a T e r t i a r y  paleo- 
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magnetic p o l e  p o s i t i o n  i n  t h e  d ikes  on both limbs of t h e  Monterey syncl ine  (LOVlie and Opdyke, 1 9 7 4 ) -  

This  l e d  US t o  seek another source,  such a s  t h e  Columbia Grani te  granodior i te  pluton i n  Fluvan- 
na County, Vi rg in ia  (Dennison and Textor i s ,  1970, 1971). However, Ful lagar  (1971) obtained a much 
o l d e r  d a t e  f o r  t h e  Columbia Grani te ,  about 595 m i l l i o n  years, compared with t h e  expected 370 mi l l ion  
years  requi red  f o r  t h e  Tioga p a r t  of t h e  geologic t i m e  sca le .  

Better isopach and p e t r o l o g i c  c rys ta l - s ize  cont ro l  now suggest a source located near  t h e  north 
end of Massanutten Mountain, Vi rg in ia ,  somewhere t o  t h e  east i n  t h e  Piedmont (compare isopach and 
C V S t a l - S i Z e  d a t a  i n  Figs.  1, 6 ,  7 ,  and 10 of t h i s  paper).  The coarses t  c r y s t a l  s i z e s  a r e  a t  Ward- 
e n s v i l l e ,  West Virg in ia  and a t  Seven Fountains,  and t h e  t h i c k e s t  t o t a l  tuffaceous s t r a t a  and l a r g e s t  
number of recognizable  t u f f  beds both occur a t  Seven Fountains on Massanutten Mountain. 

We suggest  t h e  Berea pluton,  loca ted  6 m i  (9 km) northwest of Fredericksburg, Virginia  as a very 
s t rong  candidate  f o r  t h e  actual source pluton f o r  t h e  Tioga e rupt ion .  It has  recent ly  been mapped by 
PlaVideS (1976), who described its petrology and obtained ages ranging from 347 t o  361 mi l l ion  years .  
P lav ides  (personal  communication, 1977) considers  t h e  361 mi l l ion  years  t o  be t h e  more r e l i a b l e  cool- 
i n g  age f o r  t h e  pluton,  and even t h i s  age i s  perhaps a few m i l l i o n  years  younger than t h e  a c t u a l  t i m e  
of i n t r u s i o n .  The Berea pluton is a coarse-grained microcl ine gne iss ic  g r a n i t e  with p e r t h i t e ,  myrme- 
k i t e ,  a n t i p e r t h i t e ,  b i o t i t e ,  epidote ,  and sphene (Plavides ,  1976, p. 4 ) .  Figure 1 2  of t h i s  repor t  i s  
a photomicrograph of a sample from t h e  Berea pluton. 
z i rcon  and a p a t i t e  are a l s o  present .  Thus, t h e  general  composition and mineralogy needed t o  produce 
a t u f f  such as t h e  Tioga seem 
good fit  f o r  t h e  expected age of t h e  Tioga. The Berea pluton is  remarkably c lose  t o  t h e  l o c a l i t y  of 
maximum th ickness  and coarses t  c r y s t a l s  of t h e  Tioga tuffaceous s t r a t a ,  e s p e c i a l l y  when a pa l inspas t -  
i c  reCOnStrUCtiOn is made t o  p u l l  t h e  Valley and Ridge outcrops back t o  t h e i r  Devonian depos i t iona l  
Pos i t ions  before  t h e  Alleghany orogeny (Dennison and Textor i s ,  1971, p. 54 shows a p a l i n s p a s t i c  map 
of Tioga th ickness  i n  p a r t s  of Vi rg in ia ,  West Virg in ia ,  and Maryland). Dennison (1976) proposed t h a t  
t h e  foreshortening of t h e  Valley and Ridge outcrop b e l t  r e s u l t e d  c h i e f l y  from gravi ty  s l i d i n g  west- 
ward from t h e  c r e s t  of t h e  Blue Ridge ant ic l inorium; t h e  Berea pluton i n  t h e  Piedmont may have s h i f t -  
ed very l i t t l e  i n  p o s i t i o n  during t h e  Alleghany orogeny. 
place the, Seven Fountains Tioga l o c a l i t y  very c l o s e  t o  t h e  Berea pluton.  

The Petersburg Grani te  group of plutons (Fig.  1 )  i s  a l s o  r e l a t i v e l y  

Besides t h e  mineral  types l i s t e d  i n  t h e  capt ion ,  

t o  be found i n  t h e  Berea pluton.  The age of t h e  Berea is  a r a t h e r  

Such a p a l i n s p s a t i c  recons t ruc t ion  would 

a l a t e  group i n  t h e  Pied- 
mont. The 330 m i l l i o n  year  concordia age (Wright, Sinha, and Glover, 1975) is  too young f o r  t h e  
Tioga, and t h e  l o c a t i o n  is too f a r  south f o r  a good f i t  f o r  Tioga isopach and c r y s t a l - s i z e  da ta .  

A t  p resent ,  t h e  s t r a t i g r a p h i c  and pe t ro logic  d e t a i l  do not  permit t h e  reso lu t ion  of more than 
one geographic source f o r  Tioga erupt ions.  The apparent loca t ion  i n  t h e  Piedmont of Virginia  Suggests 
t h a t  t h e  Tioga e rupt ion  w a s  a volcanic  manifestat ion along t h e  38th P a r a l l e l  f r a c t u r e  zone of an ear ly  
s t a g e  of t h e  Acadian orogeny (Dennison and Johnson, 1971),  an event which s ignaled a sudden westward 
s h i f t  of Devonian s h a l e  deposi t ion f o r  another 100 m i  (160 km) f a r t h e r  i n t o  t h e  Appalachian bas in  a t  
t h e  moment of t h e  s t r a t i g r a p h i c  boundary between t h e  Needmore and Marcellus Shales.  This was accom- 
panied by a marked increase  i n  Appalachian bas in  water depth,  perhaps an e u s t a t i c  sea l e v e l  r i s e .  

Other p o s s i b i l i t i e s  f o r  t h e  Tioga source volcano l o c a t i o n  is somewhere beneath t h e  Coastal  P l a i n  
sedimentary cover i n  o r  of fshore  from Virg in ia ,  i n  Afr ica  which during t h e  Devonian was perhaps a Par t  
of t h e  Appalachia te r r igenous  c l a s t i c  source area t o  t h e  e a s t  of t h e  Appalachian bas in ,  o r  even a t  
some s i t e  now swallowed by convection c e l l s  associated with spreading of t h e  A t l a n t i c  Ocean. 
t h e s e  p o s s i b i l i t i e s  are beyond t h e  l i m i t s  of t e s t i n g  f o r  v a l i d i t y .  

The Berea pluton seems t o  f i t  t h e  a v a i l a b l e  d a t a  s t r i k i n g l y  wel l ,  and every e f f o r t  should be made 
t o  test  whether t h i s  pluton is indeed t h e  source of t h e  Tioga t u f f  which spread over a V a s t  a rea  of 
t h e  Devonian eastern North America. 
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Fig.  4 .  A p o r t i o n  of a n  euhedra l  b i o t i t e  c r y s t a l ,  pa ; t i a l ly  embayed, 
set  i n  an i l l i t e  ma t r ix  which w a s  o r i g i n a l l y  g l a s s  d u s t  and 
shards .  Other l a r g e  c r y s t a l s  a r e  b i o t i t e  cu t  pe rpend icu la r  
t o  minera l  c leavage .  Sample i s  a c r y s t a l - v i t r i c  t u f f ,  middle 
coa r se  zone, Tioga Bentoni te ,  A l l a n s v i l l e ,  West V i r g i n i a .  
P l a i n  l i g h t .  Length of  photomicrograph is  0.9 m. 

Fig .  5. From upper l e f t  t o  c e n t e r  are t h r e e  subhedra l  f e l d s p a r  
c r y s t a l s .  
euhedra l  f e l d s p a r  c r y s t a l  t o  r i g h t  of c e n t e r .  A l l  f o u r  
have been rep laced  by i l l i t e / k a o l i n i t e .  Sample i s  a crys-  
t a l - v i t r i c  t u f f ,  middle coa r se  zone, Tioga Bentoni te ,  War- 
d e n s v i l l e ,  West V i r g i n i a .  P l a i n  l i g h t .  Length of  photo- 
micrograph i s  2.0 mm. 

A b l ack  b i o t i t e  c r y s t a l  s e p a r a t e s  them from a n  
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Fig. 6 .  Mean diameter of coarsest b i d t i t e  i n  middle coarse zone of Tioga 
Bentonite, Appalachian basin. Preliminary map. 
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F i g .  7 .  Mean d i a m e t e r  of coarsest f e l d s p a r  i n  m i d d l e  coarse zone of T i o g a  
B e n t o n i t e ,  A p p a l a c h i a n  basin. P r e l i m i n a r y  map. 
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Fig .  8. Two c r y s t a l s  of vo lcan ic  qua r t z .  To t h e  l e f t  i s ’ a n  euhedra l ,  
embayed c r y s t a l ,  and t o  t h e  r i g h t  i s  an  angu la r  and fragmented 
s l i v e r  of a c r y s t a l .  B i o t i t e  c r y s t a l s  and i l l i t e  ma t r ix  surround 
them. Sample is a c r y s t a l - v i t r i c  t u f f ,  middle coa r se  zone, Tioga 
Bentoni te ,  A l l a n s v i l l e ,  West Vi rg in i a .  Po la r i zed  l i g h t .  Length 
of photomicrograph i s  0 .9  mm. 

F i g .  9. I n  t h e  c e n t e r  is an euhedra l  z i r c o n  c r y s t a l  touching  a p o r t i o n  
of an euhedra l  b i o t i t e  c r y s t a l  t o  t h e  r i g h t .  Both are set  i n  
an  i l l i t e  ma t r ix  which w a s  o r i g i n a l l y  g l a s s  d u s t  and sha rds .  
Sample i s  a c r y s t a l - v i t r i c  t u f f ,  middle coa r se  zone, Tioga Ben- 
t o n i t e ,  Wardensville,  West V i r g i n i a .  P l a i n  l i g h t .  Length of 
photomicrograph is 0.9 mm. 
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E R  IN M M  

0 5 0  lOOrniles - 
0 5 0  1 0 0 1 5 0  krn 

Fig. 10. Mean diameter of coarsest quartz in middle coarse zone of Tioga 
Bentonite, Appalachian basin. Preliminary map. 
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Fig. 11. L e f t  of c e n t e r  i s  a clear euhedral  a p a t i t e  c r y s t a l .  To i t s  
r i g h t  i s  an anhedral  s an id ine  c r y s t a l  p a r t i a l l y  replaced by 
c a l c i t e .  Note b i o t i t e  bent over a p a t i t e  and s l i v e r  of volcan- 
i c  qua r t z  i n  upper cen te r .  Sample is  a c r y s t a l - v i t r i c  t u f f ,  
middle coarse  zone, Tioga Bentoni te ,  A l l a n s v i l l e ,  West Virgin- 
i a .  P l a i n  l i g h t .  Length of photomicrograph i s  0.9 m. 

Fig. 12.  This  sample i s  a microcl ine g n e i s s i c  g r a n i t e  from t h e  Berea 
p lu ton ,  Berea, Vi rg in i a ,  about 6 m i  (9 km) northwest of 
Fredericksburg.  V i s i b l e  a r e  mic roc l ine ,  p l ag ioc la se ,  q u a r t z ,  
b i o t i t e ,  and leucoxene. Po la r i zed  l i g h t .  Length of photo- 
micrograph i s  3.0 mm. 
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ABSTRACT 

The New Albany Shale  has  a maximum t h i c k n e s s  of 337 f e e t  i n  southwes tern  Ind iana  and t h i n s  
northward and eas tward  t o  abou t  90 f e e t  i n  t h e  ou tc rop  area. 
l e n t  t o  t h e  New Albany are 348 f e e t  t h i c k  i n  Lagrange County. 
f e e t  below sea l e v e l  i n  southwes tern  Ind iana ,  and t h e  base  of  t h e  Antrim Sha le  i s  150 f e e t  above s e a  
l e v e l  i n  n o r t h e r n  Ind iana  (Lagrange County). 

I n  t h e  Michigan Basin,  s t ra ta  equiva- 
The base  of t h e  New Albany i s  4 , 5 0 0  

I n  t h e  I l l i n o i s  Bas in  t h e  New Albany i s  d iv ided  i n t o  fou r  members: t h e  Hannibal,  Grassy Creek, 
Sweetland Creek, and Blocher Sha le s .  The l i t h o l o g i c  e q u i v a l e n t s  of t h e  New Albany i n  t h e  Michigan 
Basin a r e  t h e  Sunbury, E l l swor th ,  and Antrim Sha le s .  

The New Albany produced commercial gas  from seven  f i e l d s  i n  Har r i son  County and one f i e l d  i n  1 
Martin County. Two s m a l l  ga s  f i e l d s  have been found i n  t h e  New Albany i n  Daviess  County. 

OBJECTIVES 

The f i r s t  phase  of  t h e  Eas t e rn  Gas Shale  P r o j e c t  i n  Ind iana  has  c o n s i s t e d  o f  c o l l e c t i n g  d r i l l  
h o l e  d a t a  on t h e  New Albany Shale  and e q u i v a l e n t  s t r a t a  and s tudy ing  t h e  s t r a t i g r a p h y  and s t r u c t u r a l  
framework of  t h e  u n i t s .  

Through J u l y  1, 1977, s tudy  h a s  been concen t r a t ed  on f i v e  p r i n c i p a l  a s p e c t s :  (1) p r e p a r i n g  a 
map showing l o c a t i o n  of  New Albany datum p o i n t s ,  ( 2 )  d i v i d i n g  t h e  New Albany i n t o  fou r  members i n  t h e  
I l l i n o i s  Bas in ,  ( 3 )  determining  t h e  s t r u c t u r e  on bo th  t h e  top  and t h e  base  of t h e  format ion ,  ( 4 )  pre-  
p a r i n g  a map showing t h e  t h i c k n e s s  of  t h e  New Albany and e q u i v a l e n t  rocks ,  and (5)  p r e p a r i n g  maps 
showing gas  shows i n  t h e  New Albany and unde r ly ing  Middle Devonian l imes tone .  

INTRODUCTION 

Carbonaceous s h a l e s  of  Devonian-Mississippian age  are p r e s e n t  i n  t h e  I l l i n o i s  Basin i n  south-  
wes te rn  Ind iana  and i n  t h e  Michigan Basin i n  n o r t h e a s t e r n  Indiana .  The New Albany Shale  i n  t h e  
I l l i n o i s  Basin w a s  once con t inuous  w i t h  t h a t  of t h e  Michigan Bas in ,  b u t  i t  h a s  been removed by 
e r o s i o n  a l o n g  t h e  northwestward-trending C i n c i n n a t i  Arch (Lineback, 1970, p.  2 ) .  

The New Albany paraconformably o v e r l i e s  t h e  Middle Devonian l imes tone  southwes t  of t h e  C i n c i n n a t i  
Arch province .  The New Albany i s  o v e r l a i n  by t h e  Rockford Limestone i n  southwes tern  Ind iana  excep t  
where t h e  Rockford i s  n o t  p r e s e n t  and t h e  New Albany i s  d i r e c t l y  o v e r l a i n  by t h e  M i s s i s s i p p i a n  N e w  
Providence  Shale  (Borden Group). I n  t h e  Michigan Basin s t ra ta  e q u i v a l e n t  t o  t h e  New Albany o v e r l i e  
t h e  Middle Devonian l imes tone  and are o v e r l a i n  by t h e  Coldwater Shale  ( M i s s i s s i p p i a n ) .  

In  southwes tern  Ind iana  t h e  New Albany Shale  c rops  o u t  on t h e  f l a n k  of t h e  C i n c i n n a t i  Arch, 
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i n t o  t h e  I l l i n o i s  Bas in  and a t t a i n  a maximum t h i c k n e s s  of  337 f e e t  i n  extreme southwes tern  Ind iana .  
I n  t h e  s o u t h e r n  p a r t  o f  t h e  Michigan Bas in  s t ra ta  e q u i v a l e n t  t o  t h e  New Albany are as much as 348 
f e e t  t h i c k .  

The two dominant l i t h o l o g i e s  of t h e  New Albany are a brownish-black o r g a n i c  s h a l e  and a greenish-  
g ray  nonorganic  s h a l e .  
Albany i n  t h e  southwes tern  p a r t  o f  t h e  I l l i n o i s  Bas in  (Lineback, 1970, p. 4 ) .  Elsewhere i n  Ind iana  
t h e  brownish-black o r g a n i c  s h a l e  c o n s t i t u t e s  on ly  20 to, 40 p e r c e n t  of t h e  New Albany Sha le  and 
e q u i v a l e n t  s t ra ta  (Lineback, 1970, f i g .  2 ) .  

The brownish-black o r g a n i c  s h a l e  c o n s t i t u t e s  more than  80  p e r c e n t  of  t h e  New 

The c o u n t i e s  r e f e r r e d  t o  i n  t h i s  paper  a r e  shown i n  f i g u r e  1. 

STRATIGRAPHY 

I l l i n o i s  Basin: 

The name New Albany Sha le  w a s  proposed by Borden (1874, p. 158) f o r  t h e  brownish-black s h a l e  
exposed a t  New Albany, Floyd County, Ind iana .  On t h e  b a s i s  of  l i t h o l o g y ,  pa l eon to logy ,  and j o i n t i n g ,  
Campbell (1946, p. 835) subdiv ided  t h e  u n i t  i n t o  several fo rma t ions  and members. On t h e  b a s i s  of  
l i t h o l o g y ,  Lineback (1968, p. 1291) subdiv ided  t h e  New Albany i n t o  f i v e  members i n  t h e  ou tc rop  b e l t :  
Blocher ,  Se lmier ,  Morgan T r a i l ,  Camp Run, and Clegg Creek ( i n  a scend ing  o r d e r ) .  Becker (1974, p. 45 ) ,  
u s ing  l i t h o l o g i c  samples and geophys ica l  l o g s ,  recognized  t h e  lowermost ou tc rop  member, t h e  Blocher ,  
i n  t h e  subsu r face  i n  t h e  I l l i n o i s  Basin,  b u t  he  d i d  n o t  d i f f e r e n t i a t e  o t h e r  ou tc rop  members i n  t h e  
subsu r face .  He (1974, p. 45, 46) a l s o  recognized  and d e s c r i b e d  t h e  Hannibal Member as t h e  uppermost 
member of  t h e  New Albany Shale  i n  t h e  subsu r face  of Ind iana .  

I n  t h e  p r e s e n t  s tudy  f i v e  nor th-south  and s i x  west-east s t r a t i g r a p h i c  c r o s s  s e c t i o n s  were 
compiled by u s i n g  geophys ica l  l o g s  of  109 s e l e c t e d  w e l l s  i n  t h e  I l l i n o i s  Bas in .  L i t h o l o g i c  s t r i p  
l o g s  f o r  t h e  s e l e c t e d  w e l l s  were examined when they  were a v a i l a b l e .  A s  a r e s u l t  o f  t h i s  s t u d y  t h e  
subsu r face  New Aibany h a s  been subdiv ided  i n t o  f o u r  members: Blocher ,  Sweetland Creek, Grassy Creek, 
and Hannibal ( i n  ascending  o r d e r ) .  

Blocher Member - The name Blocher Formation w a s  f i r s t  used by Campbell (1946, p .  840) f o r  t h e  
brownish-black o rgan ic - r i ch  c a l c a r e o u s  t o  do lomi t i c  s h a l e  i n  t h e  b a s a l  p a r t  o f  t h e  New Albany. 
Lineback (1968, p. 1295) r e d e f i n e d  t h e  Blocher of  Campbell by r a i s i n g  t h e  upper boundary of t h e  u n i t  
t o  t h e  base  of t h e  greenish-gray  s h a l e  of t h e  S e l m i e r  Member. Co l l in son  and o t h e r s  (1967, f i g .  131, 
u s i n g  geophys ica l  d a t a ,  mapped t h e  t h i c k n e s s  and d i s t r i b u t i o n  of  t h i s  u n i t  i n  t h e  I l l i n o i s  Bas in .  
Lineback (1970, f i g .  7 ) ,  u s i n g  l i t h o l o g i c  c h a r a c t e r i s t i c s ,  mapped t h e  Blocher i n  southwes tern  Ind iana  
s l i g h t l y  t h i c k e r  than  Co l l in son  and o t h e r s .  I n  t h i s  r e p o r t  r e c o g n i t i o n  and t h i c k n e s s  of t h e  u n i t  are 
based p r i m a r i l y  on geophys ica l  l o g  ev idence .  

On e l e c t r i c  l o g s  t h e  Blocher i s  recognized  as a h i g h - r e s i s t i v i t y  u n i t  a t  t h e  base  of  t h e  New 
Albany o v e r l y i n g  Middle Devonian l imes tone  i n  t h e  I l l i n o i s  Bas in  ( f i g .  2 A ) .  The Blocher i s  48 f e e t  
t h i c k  i n  t h e  southwes tern  p a r t  of t h e  b a s i n  and t h i n s  t o  t h e  n o r t h  and east .  North o f  c e n t r a l  Vigo 
County t h e  Blocher is no t  recognized  on e l e c t r i c  l o g s .  

Sweetland Creek Member - The name Sweetland Creek w a s  f i r s t  used by Udden (1899, p .  65-78) f o r  
s t ra ta  exposed a long  Sweetland Creek, Muscatine County, Iowa. The Sweetland Creek Shale  as r ede f ined  
by Co l l in son  and o t h e r s  (1967, p .  960) is  r e s t r i c t e d  t o  t h e  greenish-gray  s h a l e s  unde r ly ing  t h e  Grassy 
Creek ( a  b l a c k  o r g a n i c  s h a l e )  a t  t h e  type  s e c t i o n .  Meents and Swann (1965, f i g .  4 )  t r a c e d  t h e  
Sweetland Creek as an  "unnamed s h a l e "  from I l l i n o i s  i n t o  southwes tern  Indiana .  

I n  t h e  subsu r face  of Ind iana  t h e  name Sweetland Creek Member of t h e  New Albany Shale  i s  be ing  
a p p l i e d  t o  t h e  s l i g h t l y  c a l c a r e o u s  t o  d o l o m i t i c  greenish-gray  t o  ve ry  dark-gray s h a l e  unde r ly ing  t h e  
b l a c k  s h a l e s  of t h e  Grassy Creek. The Sweetland Creek o v e r l i e s  t h e  Blocher i n  t h e  deeper  p a r t  o f  t h e  
b a s i n ;  however, where t h e  Blocher i s  no t  p r e s e n t ,  n o r t h  of  c e n t r a l  Vigo County, t h e  Sweetland Creek 
rests on Middle Devonian l imes tone .  The s h a l e s  of t h e  Sweetland Creek are g e n e r a l l y  l i g h t e r  i n  c o l o r  
and have a lower r e s i s t i v i t y  on a n  e l e c t r i c  l o g  than  t h e  Blocher o r  t h e  Grassy Creek ( f i g .  2 A ) .  

The Sweetland Creek is 49 f e e t  t h i c k  i n  Posey County and t h i n s  eas tward  t o  13 f e e t  i n  Washington 
County. The u n i t  t h i n s  northward t o  n o r t h e r n  Vigo County, and n o r t h  of  t h a t  p o i n t  i t  t h i c k e n s  
s l i g h t l y  a t  t h e  expense of  t h e  o v e r l y i n g  Grassy Creek. 

Grassy Creek Member - The Grassy Creek Shale  was named by Keyes (1898, p .  59-63) f o r  exposures  
a long  Grassy Creek in Pike  County, Missour i .  Meents and Swann (1965, f i g .  4 )  and Co l l in son  and o t h e r s  
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(1967, f i g .  7) r e c o g n i z e d  t h e  Grassy Creek i n  t h e  s u b s u r f a c e  of I l l i n o i s  and t r a c e d  t h i s  u n i t  i n t o  
s o u t h w e s t e r n  I n d i a n a .  

In t h e  p r e s e n t  s t u d y  t h e  name Grassy  Creek Member of  t h e  New Albany S h a l e  i s  a p p l i e d  t o  t h e  
brownish-black o r g a n i c - r i c h  p y r i t i c  n o n c a l c a r e o u s  s h a l e  t h a t  o v e r l i e s  t h e  Sweet land Creek and under-  
l i es  t h e  g r e e n i s h - g r a y  s h a l e s  of  t h e  Hanniba l .  I n  t h e  s u b s u r f a c e  t h e  h i g h  r e s i s t i v i t y  of t h e  u n i t  
on e l ec t r i c  l o g s  d i f f e r e n t i a t e s  i t  from t h e  u n i t s  below and above ( f i g .  2A). The Grassy Creek i s  
118 f e e t  t h i c k  i n  Posey County and becomes t h i n n e r  and less  o r g a n i c  t o  t h e  n o r t h  and e a s t .  

Hanniba l  Member - The Hanniba l  S h a l e  w a s  named by Keyes (1892, p .  289)  f o r  75 f e e t  of sandy 
s h a l e  exposed a t  Hanniba l ,  M i s s o u r i .  The Hanniba l  is  as much as 100 f e e t  t h i c k  i n  w e s t e r n  I l l i n o i s  
and t h i n s  e a s t w a r d  i n  t h e  I l l i n o i s  Bas in  (Willman and o t h e r s ,  1975,  p .  1 3 0 ) .  Meents and Swam (1965, 
f i g .  4 )  and C o l l i n s o n  and  o t h e r s  (1967, p. 947) t r a c e d  a combined Hannibal-Saverton u n i t  i n t o  s o u t h -  
w e s t e r n  I n d i a n a .  Becker  (1974,  p .  48)  proposed  t h a t  i n  t h e  s u b s u r f a c e  of  I n d i a n a  t h e  name Hanniba l  
Member o f  t h e  New Albany S h a l e  b e  a p p l i e d  t o  t h e  g r e e n i s h - g r a y  s h a l e  t h a t  l i e s  between t h e  b a s e  o f  
t h e  Rockford Limestone and t h e  t o p  of t h e  b l a c k  s h a l e s  of  t h e  New Albany. 

The Hanniba l  i s  g r e e n i s h - g r a y  n o n c a l c a r e o u s  low-organic  s h a l e  c h a r a c t e r i z e d  by low e l ec t r i ca l  
r e s i s t i v i t y  on a g e o p h y s i c a l  l o g  ( f i g .  2A). This  u n i t  can  be d i f f e r e n t i a t e d  from t h e  greenish-gray  
s h a l e s  of t h e  New Providence  o n l y  when o v e r l a i n  by t h e  Rockford Limestone.  I t  i s  48 f e e t  t h i c k  i n  
Posey County and t h i n s  e a s t w a r d  i n  t h e  b a s i n .  

Michigan Basin:  

In t h e  s o u t h e r n  p a r t  o f  t h e  Michigan Bas in  t h r e e  s t r a t i g r a p h i c  c r o s s  s e c t i o n s  were compiled by 
u s i n g  g e o p h y s i c a l  l o g s  o f  29 s e l e c t e d  w e l l s .  Three u n i t s  e q u i v a l e n t  t o  t h e  New Albany a r e  r e c o g n i z e d  
i n  n o r t h e r n  I n d i a n a :  t h e  Antr im,  E l l s w o r t h ,  and Sunbury S h a l e s  ( f rom o l d e s t  t o  y o u n g e s t ) .  These 
u n i t s  are more t h a n  340 f e e t  t h i c k  i n  Lagrange County ( f i g .  3)  and t h i n  t o  t h e  ea s t  and w e s t .  I n  t h e  
w e s t e r n  p a r t  o f  t h e  Michigan Bas in  t h e  New Albany e q u i v a l e n t s  are  o v e r l a i n  by t h i c k  g l a c i a l  d r i f t ,  
and  t o  t h e  east  i n  Lagrange,  S teuben ,  Noble and DeKalb C o u n t i e s  t h e y  are o v e r l a i n  by t h e  Coldwater  
S h a l e  ( M i s s i s s i p p i a n ) .  In g e n e r a l ,  t h e  s t r a t a  have a lower p e r c e n t a g e  of  o r g a n i c  mater ia l  t h a n  t h e  
New Albany d o e s  i n  t h e  I l l i n o i s  Bas in  (Lineback ,  1970,  f i g .  2 ) .  

~- Antrim S h a l e  - The name Antr im S h a l e  w a s  proposed by Lane (1901, p .  9 )  f o r  an  exposure  of  s h a l e  
i n  A n t r i m  County, Michigan.  
b l a c k  o r g a n i c - r i c h  s h a l e  w i t h  g r e e n i s h - g r a y  c a l c a r e o u s  s h a l e  i n  t h e  lower p a r t  o f  t h e  u n i t  from 
L a P o r t e  County eas tward .  The n a t u r a l  gamma r a d i a t i o n  of  t h e  u n i t ,  e x c e p t  f o r  t h e  lower  p a r t ,  i s  h i g h  
( f i g .  2B). The Antr im r a n g e s  from a b o u t  70 t o  220 f e e t  i n  t h i c k n e s s  and t h i c k e n s  e a s t w a r d  a s  t h e  
g r e e n i s h - g r a y  s h a l e  o f  t h e  E l l s w o r t h  g r a d e s  i n t o  t h e  b l a c k  o r g a n i c  s h a l e  o f  t h e  Antr im.  

The Antr im i n  t h e  s o u t h e r n  p a r t  o f  t h e  Michigan B a s i n  i s  predominant ly  

E l l s w o r t h  S h a l e  - The name E l l s w o r t h  S h a l e  w a s  f o r m a l l y  proposed  by Newcombe (1933, p. 49-51) 
f o r  g r e e n i s h - g r a y  s h a l e  exposed i n  a q u a r r y  n e a r  E l l s w o r t h ,  A n t r i m  County, Michigan.  The lower  p a r t  
of t h e  E l l s w o r t h  S h a l e  c o n s i s t s  of i n t e r b e d d e d  g r e e n i s h - g r a 3  n o n o r g a n i c  s h a l e  and b l a c k  o r g a n i c  s h a l e  
t h a t  e x h i b i t s  moderate  t o  h i g h  n a t u r a l  gamma r a d i a t i o n .  The upper  p a r t  o f  t h e  E l l s w o r t h  i s  g r e e n i s h -  
g r a y  nonorganic  s h a l e  c h a r a c t e r i z e d  on a gamma r a y  l o g  by low gamma r a d i a t i o n  ( f i g .  2B). Both t h e  
upper  and lower p a r t s  of  t h e  E l l s w o r t h  e x t e n d  i n t o  t h e  n o r t h e r n  p a r t  o f  t h e  I l l i n o i s  Bas in  (Lineback ,  
1970,  p. 3 2 ) .  The upper  p a r t  may c o r r e l a t e  w i t h  t h e  Hanniba l  Member of  t h e  New Albany S h a l e .  

Sunbury S h a l e  - The Sunbury S h a l e  w a s  o r i g i n a l l y  d e s c r i b e d  as t h e  Sunbury Black S l a t e  by Hicks 
(1878, p. 216, 220) f o r  s h a l e  exposed i n  Delaware County, Ohio. The Sunbury i n  n o r t h e r n  I n d i a n a  i s  
b l a c k  o r g a n i c  s h a l e  about  10 f e e t  t h i c k .  T h i s  u n i t  h a s  h i g h  gamma r a d i a t i o n  and i s  r e c o g n i z e d  on 
gamma r a y  l o g s  i n  Lagrange,  S teuben ,  Noble, and DeKalb C o u n t i e s .  The Sunbury s e p a r a t e s  t h e  g r e e n i s h -  
g r a y  s h a l e s  of  t h e  E l l s w o r t h  from t h o s e  of t h e  Coldwater  S h a l e .  In areas where t h e  Sunbury i s  n o t  
p r e s e n t ,  t h e  E l l s w o r t h  c a n n o t  r e a d i l y  be s e p a r a t e d  from t h e  o v e r l y i n g  Coldwater  S h a l e  ( f i g .  2B). 

STRUCTURE 

A s t r u c t u r e  c o n t o u r  map on t h e  b a s e  o f  t h e  New Albany S h a l e  and i t s  e q u i v a l e n t s  w a s  compiled 
from a b o u t  1 , 4 0 0  w e l l  r e c o r d s  i n  t h e  I l l i n o i s  Bas in  and a b o u t  400 w e l l  r e c o r d s  i n  t h e  Michigan Bas in .  
Where a v a i l a b l e ,  datum p o i n t s  were s e l e c t e d  a t  a d e n s i t y  o f  one  w e l l  p e r  s e c t i o n  and c o n t o u r e d  a t  a 
100-foot  i n t e r v a l .  F i g u r e  4 ,  w i t h  a c o n t o u r  i n t e r v a l  of  500 f e e t  i n  t h e  I l l i n o i s  B a s i n ,  i s  a 
s i m p l i f i e d  v e r s i o n  o f  t h e  o r i g i n a l  map. 

The New Albany S h a l e  b o t h  t h i c k e n s  and d i p s  i n t o  t h e  I l l i n o i s  Bas in .  In t h e  o u t c r o p  b e l t  t h e  
b a s e  of  t h e  f o r m a t i o n  i s  500 t o  600 f e e t  above sea level.  I n  ex t reme s o u t h w e s t e r n  I n d i a n a  t h e  b a s e  
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of  t h e  s h a l e  i s  4,500 f e e t  below sea l e v e l .  Within 20 m i l e s  o f  t h e  ou tc rop  b e l t  t h e  rocks  d i p  20 
t o  31) f e e t  p e r  m i l e  t o  t h e  southwes t ;  t h e  d i p  i n c r e a s e s  basinward and is  about  40 t o  60 f e e t  p e r  m i l e  
i n  southwes tern  Indiana .  This  g e n e r a l l y  uniform sou thwes te r ly  d i p  of t h e  s h a l e  is  d i s t u r b e d  l o c a l l y  
by t h e  M t .  C a r m e l  F a u l t  and by a series of s m a l l  domal s t r u c t u r e s  r e f l e c t e d  upward from S i l u r i a n  
r e e f s .  

The M t .  C a r m e l  F a u l t  i n  sou th -cen t r a l  Ind iana  i s  a normal f a u l t  downthrown on t h e  w e s t  (bas in-  
ward) s i d e  about 100 f e e t .  Rocks on t h e  basinward s i d e  of t h e  f a u l t  are fo lded  i n t o  a southward- 
p iunging  a n t i c l i n e  i n  Monroe, Lawrence, and Washington Count ies  ( f i g .  4 ) .  

S i l u r i a n  r ee f  s t r u c t u r e s  ex tend  i n  a b e l t  from Vigo and Clay Count ies  southward t o  Dubois County. 
The s t r u c t u r e s  a r e  g e n e r a l l y  abou t  one mi l e  i n  d iameter  and are r e p r e s e n t e d  on t h e  New Albany s t r u c -  
t u r e  map by sma l l  domal areas wi th  100 t o  150 f e e t  of c l o s u r e .  The New Albany t h i n s  s l i g h t l y  ove r  
some of  t h e  r e e f  s t r u c t u r e s .  

The base  of  the Sunbury-Elisworth-Antrim i n t e r v a l  i n  t h e  Michigan Basin d i p s  northward a t  1 0  t o  
20 f e e t  pe r  mi l e  benea th  t h i c k  g l a c i a l  d r i f t  o r  M i s s i s s i p p i a n  Coldwater Shale .  
County t h e  base  o f  t h e  Antrim i s  approximate ly  a t  sea l e v e l .  No major f a u l t s  o r  r e e f  s t r u c t u r e s  
i n t e r r u p t  t h e  northward d i p ,  a l though  t h e r e  are s e v e r a l  s m a l l  f l e x u r e s  and l o c a l  v a r i a t i o n s  i n  s t r i k e  
and d i p .  

In n o r t h e r n  Steuben 

OCCURRENCE OF GAS 

Gas has  been produced from t h e  New Albany Shale  from seven f i e l d s  i n  Har r i son  County, one f i e l d  
i n  Mar t in  County, and two s m a l l  f i e l d s  i n  Daviess County ( t a b l e  1). A l l  f i e l d s  are now l a r g e l y  
abandoned excep t  t h e  one-well Bramble F i e l d  i n  Daviess County. F igu re  5 shows t h e  d i s t r i b u t i o n  of 
t h e s e  f i e l d s  and of o i l  and gas  shows i n  t h e  s e l e c t e d  s t u d y  wel ls .  

Of t h e  some 1,400 s tudy  w e l l s  p e n e t r a t i n g  t h e  New Albany Shale  i n  t h e  I l l i n o i s  Basin,  about  6 
pe rcen t  a r e  r e p o r t e d  t o  have had some show of gas  from t h e  s h a l e .  A c l u s t e r i n g  of gas  shows i s  
found a long  t h e  M t .  C a r m e l  F a u l t  i n  Monroe, Lawrence, and Washington Count ies ,  i n  wes tern  Greene 
County, and i n  Har r i son  County. 

The random d i s t r i b u t i o n  of gas  shows appea r s  t o  have no r e l a t i o n s h i p  t o  s t r u c t u r e .  Although 
many gas  shows have been r e p o r t e d  i n  t h e  S i l u r i a n  r e e f  b e l t  i n  w e s t r r n  Greene County, none of t h e s e  
shows have been c o r r e l a t e d  w i t h  a s t r u c t u r a l  h igh  ove r  a b u r i e d  reef d e s p i t e  t h e  f a c t  t h a t  t h e r e  is  
s i g n i f i c a n t  o i l  and gas  product ion  from under ly ing  Middle Devonian c a r b o n a t e s  over  t h e s e  reef - induced  
s t r u c t u r e s  ( f i g .  6 ) .  

S o r g e n f r e i  (1952) noted  t h e  c o r r e l a t i o n  of New Albany gas  f i e l d s  i n  Har r i son  County wi th  "nose" 
o r  ''dome'' s t r u c t u r e s .  Such a c o r r e l a t i o n  i s  no t  s een  on t h e  s c a l e  and con tour  i n t e r v a l  of t h e  p r e s e n t  
map. The Loogootee North F i e l d  i n  Martin County ( f i g .  5) seems t o  have been a s s o c i a t e d  w i t h  a s m a l l  
b a s i n  o r  s y n c l i n e  wi th  a few t e n s  of f e e t  o f ' c l o s u r e  (Sorgenf re i ,  1952) .  L i t t l e  c o r r e l a t i o n  is  seen  
between t h i c k n e s s  of t h e  s h a l e  and t h e  occur rence  of  gas .  

I n  Har r i son  County, gas i n  t h e  New Albany h a s  been g e n e r a l l y  produced i n  t h e  upper p a r t  o f  t h e  
format ion  (Grassy Creek Member), o r  from a zone 20 t o  30 f e e t  above t h e  base  ( S o r g e n f r e i ,  1952) .  A t  
t h e  s ing le -we l l  Bramble F i e l d  i n  Daviess  County, an i n i t i a l  p roduc t ion  of 250 MCF/24 was ob ta ined  
from t h e  e n t i r e  t h i c k n e s s  of t h e  u n i t .  A t  t h e  Glendale F i e l d  t h e  s i n g l e  producing w e l l  y i e l d s  gas  
from a zone seven  f e e t  t h i c k  nea r  t h e  middle of  t h e  u n i t .  

S c a t t e r e d  shows have been r e p o r t e d  from t h e  A n t r i m  Sha le ,  bu t  t h e r e  a r e  no producing w e l l s  i n  
t h e  Michigan Basin.  
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Table 1. Data on gas  f i e l d s  i n  t h e  New Albany Shale i n  Indiana 
[Modified from Becker and Keller,  19761 

Average 
Discovery Number of initial Average P resen t  S t a t u s  

year  production deP th (1977) County F ie ld  name 

Daviess 
Daviess 
Harrison 
Harr ison 
Harr ison 
Harr ison 
Harr ison 
Harrison 
Harrison 
Martin 

Bramble 
Glendale 
Corydon 
E l i zabe th  
Laconia 
New Boston 
New Middletown 
Rosewood 
Rosewood North 
Loogootee North 

1974 
1940 
1923 
1925 
1915 
1885 
1923 
1895 

1902 
---- 

1 
1 

15 
1 

106 
1 3  
26 
21 

4 
1 2  

2 5 OMCF/ 24 1,700 
7 5 OMC F/ 2 4 2,100 
llOMCFl24 800 

Gas 750 
2 ZOMCFI 24 700 
245MCFl24 450 
120MCFl24 750 
225MCFl24 300 

G a s  300 
7 80MCFl2 4 1,500 

Active 
Abandoned 

93% Abandoned 
Abandoned 

99% Abandoned 
85% Abandoned 
96% Abandoned 
90% Abandoned 

Abandoned 
92% Abandoned 
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Figure 1. Map of Indiana showing counties. 
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F i g u r e  2 .  Geophys ica l  l o g  and s t r a t i g r a p h y  of  t h e  New ‘Albany S h a i e  i n  t h e  
I l l i n o i s  Bas in  (A) and of  t h e  e q u i v a l e n t  s t ra ta  i n  t h e  Michigan B a s i n  (B).  
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EXPLANATION 

Limit of area underlain by rocks 
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Figure 3 .  Isopach map of the New Albany Shale and equivalent s t r a t a  in Indiana. 
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I I I M I C H I G A N  I 

F i g u r e  4 .  Map o f  Indiana showing s t r u c t u r e  on t h e  base  of t h e  New Albany Sha le  
and e q u i v a l e n t  s t r a t a .  
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Figure 5. Map of Indiana showing gas fields and gas shows f rom the New Albany Shale. 
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I M I C H I G A N  

2 Arlington 
3 Coal City 
4 Dixon 
5 Fish Lake North 
6 Glendale 
7 Heltonville 
8 Howesville 
9 La Porte 

10 Laconia 
11 Leesville 
12 Leesville South 
13 Linton 
14 Lonetree 
15 Lyons West 
16 New Boston 
17 Odon East 
18 Odon North 
19 Plurnmer 
20 Portersville West 
21 Salem 
22 Sandborn North 
23 Shelburn Conrol. 
24 Srnedley 
25 Stillwell 
26 Switz City 
27 Unionville 
28 Worthington 

EXPLANATION 

Gas field 

Gas show 

Outcrop belt of New Albany Shale 
and equivalent strata 

GAS FIELD 

1 Alfordsville Southwest 

40 Miles - 
50 Km 

F i g u r e  6. Map of  Ind iana  showing gas  f i e l d s  and gas  shows from t h e  
Middle Devonian l imes tone .  
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PRELIMINARY MODEL OF C A T S K I L L  DELTA 
IN WEST V I R G I N I A  

Joesph F. Schwietering 
West Virginia  Geological and Economic Survey 

ABSTRACT 

Cross s e c t i o n s  and diagrams w i l l  be used to  i l l u s t r a t e  a preliminary concept of the  s t r u c t u r a l  
framework and h i s t o r y  of the  C a t s k i l l  Delta and r e l a t e d  rock u n i t s  i n  West Virginia .  In  t h i s  d i s -  
cussion an attempt w i l l  be made t o  r e l a t e  the  growth of t h e  d e l t a  t o  westward t ransgressions of the 
sea onto the  c ra ton .  

I q  th$ model I am going t o  present  I hope t o  show t h a t  the d i s t r i b u t i o n  of the  l i t h o f a c i e s  pre- 
s e n t  i n  the  C a t s k i l l  Delta complex can, i n  p a r t ,  be explained by r e l a t i n g  the  growth of the d e l t a  t o  
t ransgressions of an ep icont inenta l  sea onto the i n t e r i o r  of the  c ra ton  and t o  simultaneous pulses  
of mountain bui ld ing  t h a t  occurred during the  Acadian Orogeny. 

In  general  terms the  model c o n s i s t s  of a d e l t a  system forming i n  a shallow epicont inenta l  sea 
t h a t  l i es  between mountains along the  cont inenta l  margin and the  i n t e r i o r  of the  cont inent .  
d e l t a  is  b u i l t  ou t  from the mountains toward the  i n t e r i o r  of the  cont inent .  Transgressions of the  
ep icont inenta l  sea onto the c ra ton  occur during per iods of mountain bui lding along the  cont inenta l  
margin i n  the  manner suggested by Johnson (1971). 
t i n e n t a l  sea move l a t e r a l l y  i n  response t o  per iods of Ktansgression, regression,  and s t i l l  s tand of 
sea level. 

The 

The gedimentary f a c i e s  present  within t h e  epicon- 

Figure 1 is a diagram showing the r e l a t i v e  p o s i t i o n  of 1 )  a c los ing  ocean, 2)  mountains along 
a cont inenta l  margin, 3) an ep icont inenta l  sea, 4)  d e l t a  f a c i e s ,  5) prodel ta  f a c i e s ,  and 6) 
black mud f a c i e s .  
€or  the growth of t h e  d e l t a .  
accumulation provides room f o r  the accumulation of sediments and continued growth of the d e l t a .  

I f  the  i n t e r i o r  of the cont inent  suppl ies  g r e a t  q u a n t i t i e s  of sediments t o  the sea, then a 

Erosion of the  r i s i n g  mountains along the cont inenta l  margin provides sediments 
The r i s i n g  sea l e v e l  combined with subsidence i n  the  a r e a  of sediment 

complex d e l t a  system w i l l  form along the i n t e r i o r  margins of the ep icont inenta l  sea. However, i f  
l i t t l e  o r  no c l a s t i c  sediments o r  p l a n t  material is  supplied t o  the  i n t e r i o r  margins of the  sea, 
then, depending on c l imat ic  condi t ions,  evapor i te  o r  carbonate depos i t s  w i l l  accumulate along the  
i n t e r i o r  margins. I f  a l a r g e  amount of mud is suppl ied to  the i n t e r i o r  margins of the sea,  e i t h e r  
by being washed i n  from the c ra ton  or  by s e t t l i n g  from sea  water, then gray o r  black muds w i l l  accu- 
mulate along the  i n t e r i o r  margins of the sea. Gray mud depos i t s  w i l l  form when only s m a l l  amounts 
of p l a n t  material accumulates with the mud. 
p l a n t  material accumulates with the  mud. 
(black) mud w i l l  be preserved i s  the  a v a i l a b i l i t y  of oxygen t o  oxidize the p lan t  mater ia l  t h a t  accu- 
mulates w$th the  mud. - I f  t h e r e  is n o t  enough oxygen i n  the  mud to  oxidize the p lan t  mater ia l  t h a t  
remains a f t e r  the  feeding and decomposition a c t i v i t i e s  of organisms l i v i n g  i n  or  on the  mud, then 
black mud w i l l  accumulate. 
sediment-water i n t e r f a c e  o r  a t  some horizon within the water above the mud. I n  essence the black 
mud may be analogous t o  very muddy marine o r  brackish water peat  deposi ts .  If t h i s  is  the  case,  

Black mud depos i t s  might form i f  l a r g e  q u a n t i t i e s  of 
The c r i t i c a l  f a c t o r  i n  determining whether organic  r i c h  

The boundary between aerobic  and anaerobic environments could be a t  the  
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then black s h a l e s ,  l i k e  t h e  Ohio Shale,  are analogous t o  very sha ly  marine o r  brackish-water coa l s .  

Figure 2 is  an at tempt  t o  show how f a c i e s  i n  a shallow e p i c o n t i n e n t a l  sea might m o v e . l a t e r a l l y  
i n  response t o  a t r ansg res s ion  and an  a s s o c i a t e d  orogeny. A t  t i m e  1 (Tl) (Fig.  2a) a d e l t a  and pro- 
d e l t a  complex is b u i l d i n g  ou t  from mountains a long a c o n t i n e n t a l  margin toward the i n t e r i o r  of a 
con t inen t .  Black mud is  accumulating along t h e  i n t e r i o r  margin of t h e  e p i c o n t i n e n t a l  sea. I f  sea 
l e v e l  remains s t a t i o n a r y  r e l a t i v e  t o  t h e  c r a t o n  and subsidence beneath the sea i s  no t  adequate t o  
o f f s e t  t he  rate of sediment accumulation, then the  sea w i l l  s lowly f i l l  i n  and the  d e l t a  f a c i e s  w i l l  
move toward t h e  i n t e r i o r  of t h e  c ra ton .  
along t h e  i n t e r i o r  margin w i l l  migrate  toward the  c e n t r a l  p a r t s  of t he  sea over ear l ier  deposi ted 
d i s t a l  p rode l t a  d e p o s i t s .  

Also, with the  f i l l i n g  i n  of t h e  sea, the black mud f a c i e s  

The Cleveland Shale  i n  no r theas t e rn  Ohio may r ep resen t  a s t i l l  s t and  of sea l e v e l  l a t e  i n  t h e  
Devonian. I n  t h e  v i c i n i t y  of Cleveland, Ohio a zone of interbedded gray s i l t s t o n e ,  gray s h a l e ,  and 
black s h a l e ,  c a l l e d  the  Olmsted Member by Cushing and o t h e r s  (1931, p. 36) and he re  r e f e r r e d  t o  as 
t h e  Olmsted f a c i e s ,  is p resen t  i n  t h e  b a s a l  p a r t  of t h e  Cleveland Shale.  The Olmsted f a c i e s  i s  
thought t o  r ep resen t  t he  in t e r tongu ing  of t he  black s h a l e  of t he  Cleveland Shale  Member of t h e  Ohio 
Shale with t h e  gray s h a l e  and s i l t s t o n e  of t he  Chagrin Shale (Pepper and o t h e r s ,  1954, p. 1 6 ) .  The 
upper p a r t  of t h e  Cleveland Shale Member i s  composed predominantly of black s h a l e  and i t  ove r l aps  
the  Olmsted f a c i e s  t o  the east. F a r t h e r  east ,  i n  e a s t e r n  Ohio, t he  Cleveland Shale pinches ou t  be- 
tween gray s h a l e  and s i l t s t o n e  of t h e  underlying Chagrin Shale and gray s h a l e  and s i l t s t o n e  of t he  
overlying Bedford Shale (Pepper and o t h e r s ,  1954; L e w i s  and Schwietering, 1971).  Sedimentary s t r u c -  
t u r e s  i n  the  s i l t s t o n e s  i n  the  Olmsted f a c i e s  and t h e  Chagrin Shale  i n d i c a t e  t h a t  t he  s i l t  w a s  de- 
r ived  from the  east (Thomas L.  L e w i s ,  o r a l  commun.). 

I n  view of t h e  model presented i n  t h i s  paper,  t h e  interbedded black s h a l e  and gray s h a l e  and 
s i l t s t o n e  of t h e  Olmsted f a c i e s  r e p r e s e n t  t h e  in t e r tongu ing  of t h e  shallow water b l ack  mud f a c i e s  
along t h e  i n t e r i o r  margin of an  e p i c o n t i n e n t a l  sea with t h e  most d i s t a l  p a r t s  of t he  p rode l t a  f a c i e s .  
The eastward ex tens ion  of t he  upper p a r t  of t he  Cleveland Shale over t h e  p rode l t a  f a c i e s  t h a t  makes 
up the  Chagrin Shale  r e p r e s e n t s  t h e  i n f i l l i n g  of t he  sea and a seaward extension of t he  shallow- 
water black mud f a c i e s  along the  i n t e r i o r  margins of t h e  sea. The gray s h a l e  and s i l t s t o n e  of t h e  
overlying Bedford Shale r e p r e s e n t  a r ise i n  sea l e v e l  and an  advance of t he  deeper water p r o d e l t a  
f a c i e s  over t h e  shallow-water black mud f a c i e s .  

Assume t h a t  a t  some t i m e  l a t e r  than t i m e  T 1  a rise i n  sea l e v e l  a s s o c i a t e d  with a pu l se  of up- 
l i f t  i n  t he  mountains a long t h e  c o n t i n e n t a l  margins occurs .  Such a rise i n  sea l e v e l  is  ind ica t ed  
by T2 on Figure 2b. 

A rise i n  sea l e v e l  would cause a deepening of t he  water i n  the  e p i c o n t i n e n t a l  sea and a la teral  
migrat ion of f a c i e s .  The shallow-water f a c i e s  i n  the  e p i c o n t i n e n t a l  sea would migrate  toward t h e  
mountains a long t h e  c o n t i n e n t a l  margins and toward t h e  c e n t e r  of t he  c ra ton  along t h e  i n t e r i o r  mar- 
g ins  of the sea. A s  sediments from the  r i s i n g  mountains w e r e  being c a r r i e d  i n t o  the e p i c o n t i n e n t a l  
sea, p r o d e l t a  d e p o s i t s  would accumulate over a much wider area, covering the  e a r l i e r  deposi ted 
shallow-water d e l t a i c  sediments a long t h a t  p a r t  of t h e  sea bordering the  r i s i n g  mountains and t h e  
shallow-water mud f a c i e s  i n  t h a t  p a r t  of t he  sea along the  i n t e r i o r  of t he  c ra ton .  The d e l t a  f a c i e s  
would migrate  toward the  mountains a long the  c o n t i n e n t a l  margins and the black mud f a c i e s  would 
migrate  toward t h e  i n t e r i o r  of t h e  con t inen t .  With a subsequent s t i l l  s t and  of sea l e v e l ,  o r  r ap id  
i n f i l l i n g  of t he  e p i c o n t i n e n t a l  sea t h e  shallow-water f a c i e s  would aga in  migrate  toward the  c e n t e r  
of t he  sea i n  the  manner descr ibed above. 

So, depending on s t r a t i g r a p h i c  r e l a t i o n s ,  a black s h a l e  l a y e r  could i n d i c a t e  a t r ansg res s ion  of 
t he  sea o r  an i n f i l l i n g  of a sea. I f  t h e  black s h a l e  occurs  i n  t h e  lower p a r t  of a t r a n s g r e s s i v e  
sequence,as  is  t h e  case f o r  t he  b a s a l  p a r t  of t h e  Ohio Shale ,  t he  black s h a l e  r e p r e s e n t s  a shallow- 
water muddy f a c i e s  i n  a t r a n s g r e s s i v e  sea. I f  t he  black s h a l e  forms a wedge pinching ou t  toward t h e  
c e n t r a l  deeper p a r t s  of an e p i c o n t i n e n t a l  sea wi th in  p rode l t a  sediments,  t h e  b l ack  s h a l e  may repre-  
s e n t  an i n f i l l i n g  of t he  e p i c o n t i n e n t a l  sea and t h e  shallow-water muddy f a c i e s  moving toward t h e  
c e n t r a l  p a r t s  of t he  sea. 

I w i l l  now at tempt  t o  use t h i s  model t o  exp la in  the  v e r t i c a l  and la teral  d i s t r i b u t i o n  of d e l t a ,  
p rode l t a ,  and black s h a l e  f a c i e s  a s soc ia t ed  with t h a t  p a r t  of t h e  C a t s k i l l  Delta p resen t  i n  West 
Vi rg in i a .  Figure 3 i s  a map of t he  Appalachian Basin and surrounding area. The d i s t r i b u t i o n  of t h e  
Middle and Upper Devonian outcrops around the  per imeter  of t h e  bagin and t h e  l o c a t i o n  of t he  C a t s k i l l  
Delta are shown on t h e  map. 
evo lu t ion  of North America'' by P h i l i p  B.  King (1959, p. 6 1 ) .  Much of t he  s t r a t i g r a p h i c  d a t a  used i n  
the  fol lowing d i scuss ion  were e x t r a c t e d  from the  published works of Dennison (1961, 1963, 1970, 

The l o c a t i o n  of t he  C a t s k i l l  Delta c l a s t i c  wedge i s  taken from "The 
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1971),  Dennison and Naegele (1963), and Woodward (1943). 

Over much of West Vi rg in i a ,  and the  rest of t h e  Appalachian Basin,  Middle and Upper Devonian 
rocks t h a t  make up t h e  C a t s k i l l  Delta rest  upon rocks belonging t o  the  Middle Devonian Onesquethaw 
Stage. I n  West Vi rg in i a  the  Onesquethaw Stage c o n s i s t s  of t h e  Onondaga Limestone and the  Hunters- 
v i l l e  Chert  i n  t h e  w e s t  and the Needmore Shale i n  t h e  e a s t .  Dennison (1971, p. 1180) suggested 
t h a t  t he  o l d e s t  C a t s k i l l  Delta c l a s t i c s  are preserved i n  t h e  Needmore Shale.  

3 

Onesquethaw rocks w e r e  formed during a t r ansg res s ion  of an e p i c o n t i n e n t a l  sea t o  the w e s t  and 
south from nor theas t e rn  West Vi rg in i a  and ad jo in ing  p a r t s  of ad jacen t  states.  I n  no r theas t e rn  West 
Vi rg in i a  e a r l y  Onesquethaw rocks res t  conformably on the Oriskany Sandstone. While i n  southern and 
western West Vi rg in i a  an unconformity s e p a r a t e s  Onesquethaw rocks from t h e  Oriskany o r  o l d e r  rocks.  

The Onondaga Limestone and the Hun te r sv i l l e  Chert  w e r e  formed i n  a carbonate s h e l f  i n  t h e  w e s t -  
e r n  and southern p a r t s  of the t r ansg res s ing  sea, while  t h e  c a l c i t i c  gray s h a l e  and black s h a l e  t h a t  
make up the  Needmore Shale  were formed i n  a shallow sea t h a t  l a i d  between t h e  carbonate s h e l f  t o  the 
w e s t  and a r i s i n g  land m a s s  t o  t he  east .  The c l a s t i c  sediments i n  t h e  Needmore Shale thicken t o  
the  east (Dennison, 1961, p. 18-25) and g e t  c o a r s e r  t o  the  east  i n d i c a t i n g  an e a s t e r n  source area 
i n  the  v i c i n i t y  of t he  p re sen t  c o n t i n e n t a l  she l f  o r  A t l a n t i c  Coastal  p l a i n  (Dennison, 1971, p. 1180).  

The black s h a l e  i n  the  Needmore Shale i s  c a l l e d  the  Beaver Dam Member. This black s h a l e  is  
most common i n  the  b a s a l  p a r t  of t he  Needmore Shale i n  a north-south b e l t  t h a t  passes  through north- 
e a s t e r n  West Vi rg in i a .  I n  c r o s s  s e c t i o n s  of Onesquethaw rocks i n  West Vi rg in i a ,  Dennison (1961) 
shows the Beaver Dam Black Shale Member in t e r tongu ing  with carbonate  and c h e r t  t o  t he  w e s t  and ca l -  
c i t i c  gray s h a l e  t o  the  east. When we apply t h e  model descr ibed earlier i n  t h i s  paper,  t he  s t ra t i -  
graphic  r e l a t i o n s  and the  aer ia l  d i s t r i b u t i o n  of  t h e  Beaver D a m  Black Shale suggests  t h a t  t h e  black 
s h a l e  formed from organic  r i c h  mud t h a t  accumulated i n  r e l a t i v e l y  shallow water on the  seaward s i d e  
of a carbonate  s h e l f  i n  which l i m e  mud and c h e r t  accumulated (Fig.  4 ) .  
eastward i n t o  deeper water p rode l t a  ca l ca reous  mud d e p o s i t s  der ived from an e a s t e r n  source.  

The black mud d e p o s i t s  graded 

On c r o s s  s e c t i o n s  Dennison (1961) shows Beaver D a m  Black Shale  above and wi th in  c a l c i t i c  gray 
s h a l e  i n  t h e  upper p a r t  of t he  Needmore Shale i n  west-central  V i rg in i a .  
s h a l e  of t he  Needmore Shale  ove r ly ing  the  Onondaga Limestone i n  no r th -cen t r a l  West Vi rg in i a  and a 
t h i n  sandstone (Bob Ridge Sandstone Member) a t  t he  top of t h e  Needmore Shale i n  southeastern West 
Vi rg in i a .  The b l ack  s h a l e  i n  the  upper p a r t  of t h e  Needmore Shale i n  west-central  V i rg in i a  and the  
Bob Ridge Sandstone i n  sou theas t e rn  West Vi rg in i a  may r ep resen t  t he  development of r e l a t i v e l y  
shallow water i n  t h i s  area as a r e s u l t  of t he  ra te  of sedimentat ion exceeding the  rate of subsidence 
o r  the rise i n  sea l e v e l .  The presence of c a l c i t i c  gray s h a l e  of t he  Needmore Shale over t he  Onon- 
daga Limestone i n  no r th -cen t r a l  West Vi rg in i a  may i n d i c a t e  t h a t  sea l e v e l  continued t o  r ise  ( t r ans -  
g re s s )  i n  t h i s  area and as a r e s u l t  p rode l t a  sediments w e r e  deposi ted over t he  shallow-water carbon- 
ates (Fig.  5 ) .  

H e  a l s o  shows c a l c i t i c  gray 

The Tioga Metabentonite,  o r  i t s  equ iva len t s ,  marks the  top of the Onesquethaw Stage. I n  e a s t e r n  
West Vi rg in i a  the  Tioga Metabenton'ite rests upon the  Needmore Shale and i t  i s  o v e r l a i n  by t h e  Mar- 
c e l l u s  Shale.  In  n o r t h - c e n t r a l  West Vi rg in i a ,  New York, and Ohio the  Tioga Metabentonite is  reported 
t o  occur wi th in  the  Onondaga Limestone o r  i t s  equ iva len t s  (Dennison, 1961; O l ive r  and o t h e r s ,  1967, 
p. 1006-1007). The Marcellus Shale  is  a black s h a l e  with some t h i n  l imestone beds and conc re t ions  
(Woodward, 1943, p. 311-316). +The Marcellus i s  o v e r l a i n  by t h e  Mahantango Formation which c o n s i s t s  
of gray t o  dark gray s h a l e  with interbedded gray s i l t s t o n e  and sandstone and l o c a l l y  some gray 
f o s s i l i f e r o u s  l imestone t h a t  occurs  as beds o r  nodular concret ion zones. 
c e l l u s  grade v e r t i c a l l y  and l a t e r a l l y  one i n t o  t h e  o t h e r .  The Mahantango i s  t h i c k e s t  (about 600 
f e e t )  i n  t h e  no r theas t e rn  p a r t  of West Vi rg in i a ,  but  t h i n s  t o  the  south as a r e s u l t  of f a c i e s  change 
and i s  not  recognized i n  sou theas t e rn  West Vi rg in i a .  
Mahantango g ive  way t o  the  south t o  black s h a l e  of t h e  Marcellus (Dennison and Naegele, 1963, p. 15- 
16 ) .  
V i rg in i a .  
Group i n  New York (Oliver  and o t h e r s ,  1967, p. 1006-1007). 

The Mahantango and Mar- 

The gray sha le ,  s i l t s t o n e ,  and sandstone of t h e  

F a r t h e r  south the  Marcellus passes  i n t o  the  lower p a r t  of t he  Millboro Shale i n  southwestern 
The Marcellus and Mahantango i n  West Vi rg in i a  are southern equ iva len t s  of t he  Hamilton 

The Marcellus Shale and the Mahantango Formation are p resen t  i n  t h e  subsurface of t h e  no r the rn  
A prel iminary examination of gamma-ray l o g s  suggests  t h a t  both and c e n t r a l  p a r t s  of West Vi rg in i a .  

formations are absen t  i n  southwestern West Vi rg in i a .  I n  the  subsurface t h e  formations t h i n  t o  the  
w e s t ,  and i n  t h e  western p a r t  of t h e  s ta te  an unconformity s e p a r a t e s  t he  Mahantango Formation from 
the  younger rocks t h a t  o v e r l i e  i t  (Fig.  5 ) .  

The Marcellus Shale and the  Mahantango Formation r ep resen t  a con t inua t ion  of t he  t r ansg res s ion  
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of t he  e p i c o n t i n e n t a l  sea t h a t  began during the  Onesquethaw Stage. However, t he  rate of t r ansg res -  
s i o n  e i t h e r  stopped o r  became very slow toward the  end of t he  Onesquethaw Stage and e a r l y  i n  t h e  
overlying Cazenovia Stage.  A s  a r e s u l t  of t he  h a l t  o r  slowing i n  t h e  rate of t r ansg res s ion ,  t h e  epi-  
c o n t i n e n t a l  sea became shallow throughout i t s  e x t e n t  and i n  t h e  Cazenovia Stage t h e  b l ack  muds t h a t  
formed t h e  Marcellus Shale were deposi ted i n  the  shal low water p re sen t  i n  t h e  e a s t e r n  p a r t  of t h e  
sea. A carbonate  s h e l f  t h a t  is  today r ep resen ted  by the  upper p a r t s  of t h e  Onondaga Limestone and 
t h e  Columbus and the  Delaware Limestones e x i s t e d  i n  the  western p a r t  of t he  sea. 

During t h e  Cazenovia Stage,  t he  e p i c o n t i n e n t a l  sea became deeper as a r e s u l t  of renewed t rans-  
g re s s ion ,  subsidence o r  a combination of t r ansg res s ion  and subsidence.  A s  t h e  sea became deeper 
the  sediments t h a t  formed the  gray s h a l e ,  s i l t s t o n e  and sandstone of t h e  Mahantango Formation were 
c a r r i e d  i n t o  the  e p i c o n t i n e n t a l  sea from a highland area r i s i n g  a long  t h e  e a s t e r n  margin of t h e  con- 
t i n e n t .  During the  e a r l y  p a r t  of t h i s  t r ansg res s ion  the  p r i n c i p l e  c l a s t i c  sediments c a r r i e d  i n t o  the  
West Vi rg in i a  p o r t i o n  of t h e  sea cons i s t ed  of t he  mud t h a t  formed t h e  s h a l e  i n  t h e  lower p a r t  of t h e  
Mahantango Formation. A s  time progressed and the  e p i c o n t i n e n t a l  sea became shal lower i n  West V i r -  
g i n i a ,  xoa r se r . s ed imen t s ,  s i l t  and sand, were c a r r i e d  i n t o  the  sea from the  e a s t e r n  highlands which 
had been r i s i n g  during t h e  t r ansg res s ion .  These coa r se r  sediments produced t h e  interbedded s h a l e ,  
s i l t s t o n e  and sandstone p resen t  i n  t h e  upper p a r t  of t h e  Mahantango Formation. 

Late i n  the  Middle Devonian a r eg res s ion  of t h e  sea from t h e  i n t e r i o r  of t h e  con t inen t  occurred. 
This r eg res s ion  is rep resen ted  by t h e  unconformity a t  t he  top  of t he  Mahantango Formation i n  western 
West Vi rg in i a ,  t he  unconformity sepa ra t ing  the  lower p a r t  of t h e  Olentangy Shale  from t h e  upper p a r t  
of t he  Olentangy Shale i n  c e n t r a l  Ohio (Tillman, 1970; Gable, 1973), and t h e  unconformity a t  t h e  top 
of t he  Hamilton Group i n  southwestern New York (Rickard, 1964). Erosion during t h i s  r eg res s ion  may 
account f o r  t h e  absence of t he  Marcellus Shale  and t h e  Mahantango Formation i n  southwestern West 
Vi rg in i a ,  i f  indeed they are absent  i n  t h i s  area. Apparently t h e  sea d id  no t  completely d r a i n  from 
the  Appalachian Basin f o r  no unconformity is  r epor t ed  a t  t h i s  l e v e l  i n  t h e  e a s t e r n  p a r t  of West 
Vi rg in i a .  

Following t h i s  r eg res s ion  an e p i c o n t i n e n t a l  sea again began t o  t r a n s g r e s s  onto t h e  c ra ton .  I n  
the  subsurface of no r th -cen t r a l  West Vi rg in i a  t h e  i n i t i a l  rock u n i t  formed during t h i s  t r ansg res s ion  
w a s  t h e  Tu l ly  Limestone (Fig.  6 ) .  I n  south-western New York t h e  Geneseo Shale  overlaps t h e  Tu l ly  
Limestone t o  t h e  w e s t  (Huddle, 1974, p. 516). A similar overlapping r e l a t i o n  is  p resen t  i n  t h e  sub- 
s u r f a c e  of tor th-western West Vi rg in i a .  
t h e  Geneseo Shale ,  ove r l aps  t h e  Tu l ly  Limestone t o  t h e  w e s t .  
Tul ly  Limestone and t h e  Harrell Shale are n o t  clear c u t  i n  e a s t e r n  West Vi rg in i a .  
Naegele (1963, p. 17-18) r e p o r t  t he  occurrence of a t h i n  zone of interbedded medium dark gray l i m e -  
s tone  and ca lc i t ic  s h a l e  o r  l imestone conc re t ions  i n  t h e  middle p a r t  of t h e  Harrell Shale  i n  north- 
e a s t e r n  West Vi rg in i a .  c o r r e l a t e  t h i s  zone of interbedded l imestone and s h a l e  o r  
conc re t ions  w i t h  t h e  Tu l ly  Limestone. 
sou theas t e rn  West Vi rg in i a .  

Here, t h e  Harrell Shale ,  i n  p a r t  a southern equ iva len t  of 
S t r a t i g r a p h i c  r e l a t i o n s  between t h e  

Dennison and 

They t e n t a t i v e l y  
The Tu l ly  Limestone has  n o t  been p o s i t i v e l y  i d e n t i f i e d  i n  

The r e l a t i o n s  between the  Tul ly  Limestone and the  Harrell Shale (Geneseo Shale t o  the  no r th )  
appear t o  be similar t o  t h a t  between t h e  Onondaga Limestone and t h e  Marcellus Shale  discussed above. 
Again, a carbonate  s h e l f  formed along t h e  i n t e r i o r  margin of an e p i c o n t i n e n t a l  sea. 
she l f  (Tul ly)  passed seaward (eastward) i n t o  an  area of b l ack  mud (Har re l l )  which accumulated i n  
r e l a t i v e l y  shal low water. 
Shale i n  no r theas t e rn  West Vi rg in i a  (Dennison and Naegele, 1963, p. 17-18) may r ep resen t  Continuous 
depos i t i on  i n  t h i s  area while  t he  h ighe r  s t and ing  land t o  the  w e s t  underwent e ros ion .  A s  t h e  sea 
continued t o  rise and t r a n s g r e s s  onto the  c ra ton ,  t he  r e l a t i v e l y  shallow water black mud f a c i e s  
moved inland (westward) and overlapped t h e  carbonate  s h e l f  f a c i e s .  With the  r i s i n g  sea l e v e l ,  pro- 
d e l t a  sediments t h a t  now make up the  Brallier Formation w e r e  deposi ted over t he  r e l a t i v e l y  shallow 
water b l ack  muds t h a t  formed the Harrell Shale (Fig.  7 ) .  

This  carbonate  

The presence of p o s s i b l e  Tu l ly  Limestone equ iva len t s  w i th in  the  Harrell 

A s  t he  sea t r ansg res sed  toward the i n t e r i o r  of t h e  c ra ton  an u p l i f t  (orogeny) occurred i n  t h e  
mountains a long the c o n t i n e n t a l  margin. These mountains suppl ied the  sedcments t h a t  make up t h e  
Upper Devonian p a r t  of t h e  C a t s k i l l  Delta. 
accumulation of t he  d e l t a  and p r o d e l t a  sediments. 

The r i s i n g  sea l e v e l  and subsidence provided room f o r  t he  

Early i n  t h i s  t r ansg res s ion  t h e  water became r e l a t i v e l y  deep i n  e a s t e r n  West Vi rg in i a .  The mud 
and s i l t  t h a t  formed t h e  s h a l e s  and s i l t s t o n e s  of t h e  Bra l l ie r  Formation may have been c a r r i e d  i n t o  
t h i s  deep water by t u r b i d i t y  c u r r e n t s  flowing down s lope  from an e a s t e r n  source area. During t h e  
depos i t i on  of t h e  Brall ier Formation the  sea t ransgressed f a r  t o  the  east  and t h e  terrestrial  and 
shallow water marine . f a c i e s  of t he  C a t s k i l l  Delta w e r e  l oca t ed  nea r  t he  r i s i n g  land area t o  the  east. 
A t  t h i s  t i m e  t h e  e p i c o n t i n e n t a l  sea w a s  a l s o  moving onto the  c ra ton  t o  t h e  w e s t .  Here, t h e  i n i t i a l  
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sediments deposi ted i n  the sea were shallow-water b l ack  and gray mud. 
interbedded b l ack  and gray s h a l e  of t h e  upper p a r t  of t h e  Olentangy Shale i n  western W e s t V i r g i n i a  
and ad jacen t  states. A s  t h e  t r a n s g r e s s i o n  continued the  water deepened i n  these  western areas and 
deeper-water sediments (mud and t u r b i d i t y  c u r r e n t  depos i t s )  accumulated over t he  previously deposi ted 
shallow-water sediments.  

These sediments formed the  

9 

I n  t i m e  t he  rate of t r ansg res s ion  and subsidence decreased and t h e  more shallow-water f a c i e s  of 
t h e  C a t s k i l l  Delta complex began t o  prograde westward i n t o  e a s t e r n  West Vi rg in i a ,  and the  coa r se r  
sediments of t he  Greenland Gap Group ("Chemung'l) were deposi ted on the  Bra l l ie r  Formation. The sand- 
s t o n e  and s i l t s t o n e  t h a t  make up t h e  Benson Sand, a subsurface equ iva len t  of t h e  lower p a r t  of t he  
Greenland Gap Group, p re sen t  i n  the  subsurface of no r th -cen t r a l  West Vi rg in i a  are thought by Cheema 
(1977) t o  have been deposi ted by t u r b i d i t y  c u r r e n t s  flowing down-slope from an e a s t e r n  Source area. 
As t h e  sediments i n  t h e  lower p a r t  of t h e  Greenland Gap Group accumulated i n  e a s t e r n  West Vi rg in i a  
t h e  black mud f a c i e s  t h a t  e x i s t e d  along the  i n t e r i o r  margin of t h e  sea began t o  spread eastward 
toward t h e  c e n t r a l  p a r t s  of t h e  sea as t h e  water became p rogres s ive ly  more shallow with the  i n f l u x  of 
sediments i n t o  t h e  sea. These western black muds formed the Ohio Shale.  Lower p a r t s  of t he  Ohio 
Shale extend eastward i n t o  southwestern West Vi rg in i a .  

Var i a t ions  i n  t h e  rate of t r ansg res s ion  and subsidence are r e f l e c t e d  by t h e  in t e r tongu ing  rela- 
t i o n s  between t h e  Ohio Shale and equ iva len t  gray s h a l e  and s i l t s t o n e  t o  the  east ,  and the  i n t e r -  
tonguing of t h e  gray s h a l e  and s i l t s t o n e  with sandstone of t he  Greenland Gap Group s t i l l  f a r t h e r  
east. A s  time went on during the  Late Devonian t h e  C a t s k i l l  Delta began t o  bu i ld  f a r  ou t  i n t o  the  
e p i c o n t i n e n t a l  sea toward t h e  i n t e r i o r  of t h e  con t inen t .  I n  e a s t e r n  and c e n t r a l  West Vi rg in i a  t h i s  
prograding of t h e  d e l t a  i s  r e f l e c t e d  i n  t h e  p rogres s ive  average coarsing of t h e  marine sediments 
upward through t h e  Greenland Gap Group i n t o  the  terrestr ia l  d e p o s i t s  of t he  Hampshire Formation. To 
t h e  w e s t ,  p rode l t a  sediments moved inland over ' t he  ear l ier  deposi ted,  r e l a t i v e l y  shallow water gray 
and black mud t h a t  accumulated along the  i n t e r i o r  margin as the  sea t r ansg res sed  onto t h e  c ra ton .  

References Cited 

Cheema, M. R . ,  1977, Sedimentation and gas  product ion of t he  Upper Devonian Benson Sand i n  north- 
c e n t r a l  West Vi rg in i a  - a model f o r  exogeosynclinal mid-fan t u r b i d i t e s  off  a d e l t a  complex: 
Univ. West Vi rg in i a  Ph.D. d i s s e r .  (unpub.),  116 p. 

Cushing, H. P . ,  Leve re t t ,  F . ,  and Van Horn, F. R . ,  1931, Geology and mineral  r e sources  of t h e  
Cleveland d i s t r i c t ,  Ohio: U.S. Geol. Survey Bu l l .  818, 138 p. 

Dennison, J. M. ,  1961, S t r a t ig raphy  of Onesquethaw Stage of DevonMn i n  West Vi rg in i a  and bordering 
states: West Vi rg in i a  Geol. and Econ. Survey Bull .  22 ,  87 p. 

Dennison, J .  M. ,  1963, S t r a t ig raphy  between Tioga metabentoni te  and Pocono Formation along Allegheny 
Front  i n  Maryland and West Vi rg in i a ,  & Shepps, V. C . ,  ed . ,  Symposium on Middle and Upper 
Devonian S t r a t ig raphy  of Pennsylvania and ad jacen t  s t a t e s :  Pennsylvania Topog. and Geol. 
Survey, Rept. G39, p. 213-227. 

Dennison, J .  M.,  1970, S t r a t i g r a p h i c  d i v i s i o n s  of Upper Devonian Greenland Gap Group ("Chemung For- 
mation") a long Allegheny Front  i n  West Vi rg in i a ,  Maryland, and Highland County, V i rg in i a :  
Southeastern Geology, v.  1 2 ,  p .  53-82. 

Dennison, J. M . ,  1971, Petroleum r e l a t e d  t o  Middle and Upper Devonian d e l t a i c  f a c i e s  i n  c e n t r a l  
Appalachians: Am. Assoc. Petroleum Geologis ts  Bu l l . ,  v.  55, p. 1179-1193.. 

Dennison,,J .  M., and Naegele, 0. D . ,  1963, S t r u c t u r e  of Devonian s t ra ta  along Allegheny Front from 
C o r r i g a n v i l l e ,  Maryland t o  Spruce Knob, West Vi rg in i a :  West Vi rg in i a  Geol. and Econ. Survey, 
Bul l .  24, 42 p. 

Gable, K . ,  1973, Conodonts and s t r a t i g r a p h y  of t he  Olentangy Shale  (Middle and Upper Devonian), 
c e n t r a l  and southern Ohio: Ohio S ta te  Univ., M.S. t h e s i s  (unpub.), 90 p. 

Heckel, P. H . ,  1969, Devonian Tul ly  Limestone i n  Pennsylvania and comparison t o  type Tul ly  Limestone 
i n  New York: Pennsylvania Topog. and Geol. Survey I n f .  Circ.  60, 33 p. 

Huddle, J. W . ,  1974, MiddlefUpper Devpnian conodont zonation i n  western New York ( abs . ) :  Geol. SOC. 
America a b s t r a c t s  with Programs, v .  6, p. 516. 

199 



6 Prel iminary Model of C a t s k i l l  Delta i n  West Vi rg in i a  EGS-12 

Johnson, J. G . ,  1971, Timing and coord ina t ion  of orogenic ,  ep i rogen ic ,  and e u s t a t i c  events :  Geol. 
SOC. America Bu l l . ,  v. 82, p. 3263-3298. 

King, P. B . ,  1959, The evo lu t ion  of North America: P r ince ton  Univ. Press, Pr inceton,  New Jersey,  
189 p. 

L e w i s ,  T. L., and Schwietering, J. F . ,  1971, D i s t r i b u t i o n  of t h e  Cleveland Black Shale i n  Ohio: 
Geol. SOC. America Bu l l . ,  v.  8 2 ,  p. 3477-3482. 

O l ive r ,  W. A . ,  Jr. ,  de W i t t ,  W . ,  J r . ,  Dennison, J. M., Hoskins, D. M . ,  and Huddle, J. W . ,  1967, 
Devonian of t h e  Appalachian Basin,  United States, & Oswald, D. H . ,  ed . ,  I n t e r n a t i o n a l  sympo- 
sium on t h e  Devonian System: Albe r t a  SOC. Petroleum Geologis ts ,  Calgary,  Alberta ,  v. I., 
p .  1001-1040. 

Pepper, J. F. ,  de W i t t ,  W . ,  J r . ,  and D e m a r e s t ,  D. F . ,  1954, Geology of t h e  Bedford Shale and Berea 
Sandstone i n  the  Appalachian Basin: U.S. Geol. Survey Prof .  Paper 259, 111 p. 

Rickard, L. V. ,  1964, C o r r e l a t i o n  of t he  Devonian rocks i n  New York S ta te :  New York S t a t e  Mus. and 
Sc i .  Se rv ice  Geol. Survey Map and Chart  Ser., no. 4 .  

Tillman, J. R. ,  1970, The age, s t r a t i g r a p h i c  r e l a t i o n s h i p s ,  and c o r r e l a t i o n  of t h e  lower p a r t  of t h e  
Olentangy Shale of c e n t r a l  Ohio: Ohio Jour .  S c i . ,  v .  70, p. 202-217. 

Woodword, H.  P . ,  1943, Devonian System of West Vi rg in i a :  West Vi rg in i a  Geol. and Econ. Survey, 
v.  15, 655 p. 

300 



EGS-12 Joseph F .  Schwietering 7 

gray S h a l e  
siltstone, and sandstone 

Figure  1 Diagram showing 1) c l o s i n g  ocean, 2)  mountains a long  c o n t i n e n t a l  margin,  
3) e p i c o n t i n e n t a l  sea, 4 )  d e l t a  f a c i e s ,  5) p r o d e l t a  f a c i e s .  and 6)  
b l ack  mud f a c i e s .  

TI Seo level T I  

T 2  /t- Uplift  

Transgression 
c 

T2- 
T 1  

t] delto focier 

prodelto focler and deeper woter shale 

block shole facies 

Figure  2 Diagram showing la teral  movement of f a c i e s  du r ing  a t r a n s g r e s s i o n  o f  an 
e p i c o n t i n e n t a l  sea. 
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Thrust fault rm 
0 100 2oo Miles - 
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Figure 3 Map of Appalachian Basin and surrounding areas showing outcrops of  Middle 
and Upper Devonian rocks around the perimeter of the basin and the loca t ion  
of the Catsk i l l  Delta c las tkc  wedge. 
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Pre l iminary  Model of C a t s k i l l  Delta i n  West V i r g i n i a  

shaly l imestone 

a shale 

::.>::.:::.; . :i. ::\:, ::.<:..,:;,., 
:..+.:.;..,: 

0 100 200Miles - 
0 100 200 300 .. ...,. . . .: ._,.. :. sandstone 

.. 7-- approximate western 
extent of Geneseo Shale 

Figure  6 Map showing t h e  d i s t r i b u t i o n  of f a c i e s  i n  t h e  Tu l ly  Limestone and i t s  c l a s t i c  
e q u i v a l e n t s  and t h e  approximate wes tern  e x t e n t  of t h e  Geneseo Shale  and i t s  
equ iva len t s .  (Modified from Heckel, 1969, f i g .  4 ,  p. 22.) 
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Northern 

Southeast Panhandle 

Ohio West Virginia 
I I 

Northeast 

West Virginia 

"Oe,,. > y s h  \ \ ?Greenland Gap 
------(Chemung) Formation 

Brallie r Form at ion 

u gray shale 

Harrell 

black shale 

0 marine sandstone and siltstone 

red beds 
Shale - 1  - 

Ei limestone 

Figure 7 D i a g r a m t i e  east-west c r o s s  s e c t i o n  of Upper Devonain rocks i n  northern 
West Vi rg in i a .  Diagram is  no t  t o  scale. 
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P H Y S I  COCHEMICAL CHARACTERIPATION OF 
DEVONIAM GAS SHALE 

R l  E m  ZIELINSKI, A m  ATTALLA, E,  STACY, B ,  D, CRAFT, AND R ,  L. WISE 
P~ONSANTO RESEARCH CORPORATION* 

MOUND FAC I L I  TY 
MIAMISBURG, OHIO 45342 

ABSTRACT 

Severa l  physicochemical ana lyses  are being performed t o  b e t t e r  c h a r a c t e r i z e  t h e  Devonian gas  
s h a l e s  loca t ed  i n  t h e  Appalachian and I l l i n o i s  Bas ins .  
g ra t ed  wi th  t h e  geochemical ana lyses  t o  p r e s e n t  an  a c c u r a t e  c h a r a c t e r i z a t i o n  of t h e  Devonian s h a l e s  
and t o  a c c u r a t e l y  assess t h e i r  r e source  p o t e n t i a l .  

The r e s u l t s  of t h e s e  a n a l y s i s  are beine, i n t e -  

These s t u d i e s  are a l s o  provid ing  d a t a  t h a t  are be ing  used t o  e v a l u a t e  t h e  phys ica l  behavior  of 
t h e  s h a l e s .  - 

*Mound F a c i l i t y  i s  opera ted  f o r  t h e  U. S.  Department of Energy by Monsanto Research Corporation 
(Cont rac t  No. EY-76-C-04-0053). 
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2 PHYSICOCHEMICAL CHARACTERIZATION OF DEVONIAN GAS SHALE EGS-13 
INTRODUCTION 

Core samples from seven wells drilled in Illinois, Indiana, Kentucky, and Virginia have been 
analyzed by various physicochemical methods for the purpose of characterizing their basic structure. 

Clay mineralogy, detailed kerogen assessment, pulsed NMR, dilatometry, mass spectrometry, and 
mechanical testing will be discussed in this paper; however, Scanning Electron Microscopy, Energy 
Dispersive X-Ray Analysis, and Secondary Ion Mass Spectrometry have also been used to better 
characterize the basic nature of the Devonian shales. 
and detailed kerogen assessment are directly related to the geochemical analyses, while others such 
as the mechanical testing and dilatometry are used primarily to characterize the physical nature of 
the shales and indirectly are related to the geochemistry of the shales. 

Some of these analyses such as clay mineralogy 

The location of the seven wells is displayed in Figure 1. In most cases, the entire strati- 
graphic unit of Devonian shale was cored. Samples for the physicochemical analyses were taken at 
%-foot intervals and stored in air tight metal containers. 
the containers' air space was sampled either by gas chromatography or mass spectrometry. 
tainer was opened, and the subsequent analyses were performed. 

Shortly after arrival at the laboratory, 
The con- 

DISCUSSION AND RESULTS 

D m e d  Kchogen AnaXybh 

Detailed elemental analysis of the kerogen material from the wells is currently being performed. 
This analysis determines the specific carbon, hydrogen, nitrogen, and oxygen content of the sample. 
The analytical results are used to confirm the basic structure of the kerogen and can also be used 
to assess the hydrocarbon potential of the material. 

The results of the samples from the 0-1, 1-1, and KY-2 wells are shown in Figure 2, which is a 

Kerogens which produce large quantities of oil and then 
Line B indicates 

Line C indicates the trend of kerogens consisting of 

plot of the Atomic H/C versus Atomic O/C. 
gens from the Green River oil shales, etc. 
thermally derived gas; essentially, what would be considered tha,amorphous types. 
the trend of kerogens of intermediate composition. 
rock and are essentially the herbaceous type. 
debris of higher vegetation and organic matter of terestrial origin. 
marily thermally derived methane and are composed of the wood-coaly type. The samples from the 
three wells essentially cluster around Line B. 

In Figure 2, Line A indicates the trend of the algal kero- 

These possess the qualities of a good source 

These kerogens produce pri- 

,Using the elemental composition of the kerogen, it is possible to calculate the gross heating 
values of the shale cores. Average values per well are listed in Table 1. The first value listed 
assumes that no organic sulfur is present. This assumption should be fairly accurate, since organic . 
sulfur was detected in only one of our extraction samples. However, since specific organic sulfur 
determinations have not yet been performed on the samples, a second set of values was calculated 
assuming the 2% organic sulfur concentration that is generally accepted for the New Albany shales. 
As can be seen from the calculated values, the 2% sulfur increases the gross heating value by approx- 
imately'100 cal/g. In reality, though, it is felt that based upon-the experimental data already 
accumulated, the actual values would be closer to the lower numbers and generally agree with those 
obtained by John Ward Smith(l). 

Clay  Uinchdogy 

Core samples from fourwells were analyzed for clay mineral content. The shales were obtained 
from Devonian intervals in the 1-1 Well, the P-1 Well, the KY-2 Well, and the VA-1 Well. 

Three patterns were made for edch sample: untreated, ethylene glycol, 30OoC. Illite, mixed- 
layer illite-montmorillonite, chlorite, and kaolinite are present. Minor amounts of siderite, 
dolomite, and feldspar are present in some samples. Kaolinite is present in minor amounts only in 
well KY-2. This may be due to a difference in source material or to the shallow depth of burial 
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(low temperature) .  I n  KY-2, k a o l i n i t e  decreases  with depth;  however, t h e  mixed-layer c l a y  t ends  t o  
increase,  suggest ing these  t r ends  a r e  depos i t i ona l .  I n  VA-1, t h e  mixed l a y e r  c l a y  decreases  with 
depth as t h e  i l l i t e  content  i n c r e a s e s .  This  may be due t o  b u r i a l  d i agenes i s  a s  t h e  sharpness  r a t i o  
i n c r e a s e s  and t h e  c r y s t a l l i n i t y  index decreases  with depth.  A s  t h e  i l l i t e  peaks become narrower 
(due t o  i n c  eased c r y s t a l l i n i t y ,  increased g r a i n  s i z e  o r  l o s s  of expanded l a y e r s )  t h e  sharpness  r a t i o  

S.R. = -7) i n c r e a s e s  and t h e  c r y s t a l l i n i t y  index ( C . I .  = peak width a t  ha l f -he igh t  i n  mm) ( 1 0 5  
decreases .  

l0li  

Regionally t h e  c l a y  mineral  s u i t e  i s  r e l a t i v e l y  uniform except f o r  t h e  k a o l i n i t e  i n  KY-2 and a 
r e l a t i v e l y  low mixed-layer va lue  f o r  1-1. The average values  are as follows: 

I l l i t e  Mixed-Layer C h l o r i t e  

I- 1 74 
P-1 70 
KY-2 69 
VA- 1 7 3  

1 2  
20 
2 1  
1 9  

1 4  
10 

7.5 
8 

K a o l i n i t e  

2.5 

The d a t a  are too l imi t ed  t o  make any s t r a t i g r a p h i c  i n t e r p r e t a t i o n  a t  t h i s  t i m e .  

The S . R .  f o r  VA-1 averages 4.01 and f o r  KY-2 averages 4 . 2 8 .  The C . I .  va lues  average 1.82 and 
1.65 r e s p e c t i v e l y .  The d i f f e r e n c e s  are probably no t  s t a t i s t i c a l l y  s i g n i f i c a n t .  
have a h ighe r  S.R. (5.15) and lower C . I .  (1.5) than those from VA-1 and KY-2. 1-1 has  a lower S.R. 
(3.34) and a s imilar  C . I .  (1.68).  Though t h e  va lues  are too  few t o  be s i g n i f i c a n t ,  t h e  d a t e  ind i -  
cate t h e  P-1 samples have probably been exposed t o  higher  temperatures than those i n  t h e  o t h e r  t h r e e  
w e l l s .  

The P-1 samples 

The amount of mixed-layer c l ay  i s  c a l c u l a t e d  using t h e  he igh t  of t h e  102 peak of t h e  e thy lene  
The inc rease  i n  peak h e i g h t  

I n  
g lyco l  t r e a t e d  sample and t h e  102 peak of t h e  sample heated t o  30OoC. 
a f t e r  hea t ing  i s  assumed t o  be due t o  t h e  c o l l a p s e  of expanded l a y e r s  i n  t h e  mixed-la$er c l a y .  
t h e  un t r ea t ed  samples, t h e  mixed-layer peak occurs  as a shoulder on t h e  low ang le  s i d e  of t h e  108 
i l l i t e  peak. Its apex appears  t o  be i n  t h e  range of 10.5 t o  118 o r  less; on g l y c o l a t i o n  t h e r e  i s  
l i t t l e  change i n  t h e  peak p o s i t i o n .  
l a y e r s .  

The mixed-layer c l a y  apparent ly  con ta ins  10 t o  20% expanded 

The presence of t h i s  mixed l a y e r  c l ay  suggests  t h e  s h a l e  has  not  been heated t o  temperatures 
higher  t han  200 t o  25OoC. I f  s u f f i c i e n t  potassium i s  a v a i l a b l e ,  t h e  mixed-layer phase should convert  
t o  i l l i t e  a t  200 t o  25OoC. 
panded l a y e r s ,  i t  has  probably been exposed t o  temperatures h ighe r  than approximately 100°C. 
t u n a t e l y ,  l i t t l e  i s  known about t h e  e f f e c t s  of t i m e  on c l a y  d i agenes i s .  
both t h e  temperature va lues  given above. 

I f  t h e  mixed l a y e r  (4 : l )  c l a y  o r i g i n a l l y  had a higher  content  of ex- 
Unfor- 

T i m e  should tend t o  lower 

Figure 3 i s  a p l o t  of 108 peak he igh t  v s .  percent  organic  carbon. A s  expected, t h e r e  i s  a good 
i n v e r s e  l i n e a r  r e l a t i o n  f o r  most samples. 
f a l l  off  t h e  t r end .  
machine, and t h e  i n t e n s i t i e s  are not  comparable. 

A t  t h i s  t i m e ,  t h e r e  i s  no apparent reason why f i v e  samples 
The samples from w e l l  1-1 were no t  p l o t t e d  as they were run on a d i f f e r e n t  x-ray 

Figure 4 con ta ins  p l o t s  showing t h e  r e l a t i o n  of t h e  C . I .  and percent  mixed-layer c l ay  with 
depth i n  KY-2. There i s  a l a r g e  amount of s c a t t e r .  
and t h e  c r y s t a l l i n i t y  decrease ( C . I .  i nc rease )  w i th  depth.  
s o  shallow t h a t  major d i agene t i c  e f f e c t s  are not  apparent .  
r a t i o  vs .  depth f o r  KY-2. 
S.R.  appears  t o  decrease s l i g h t l y  with depth.  

The mixed-layer con ten t  appears  t o  i n c r e a s e  
The i n t e r v a l  i s  s o  s h o r t  and t h e  depth 
Figure 5 con ta ins  a p l o t  of t h e  sharpness  

Also shown i s  a t h r e e  po in t  moving average p l o t  of  t h e  S . R .  values .  The 

Figure 6 shows t h e  r e s u l t s  of t h e  p re sen t  s t u d y  i n  c o n t r a s t  with Weaver's(2) estimate of t h e  
c l a y  mineral  composition i n  North A m e r i c a  versus  t i m e .  
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This study is still in progress and should identify , as more data becomes available, the 
the quantitative relationship between burial diagenesis of clay minerals and the hydrocarbon 
generation. 

PuRn ed NMR 

The main purpose of the pulsed nuclear magnetic resonance (NMR) study of Eastern Gas Shales is 
the development of a rapid, nondestructive, determination of their fuel content. This analytical 
method is base on the fact that the initial amplitude of the pulsed NMR free induction decay (FID) 
signal is directly proportional to the number of atoms of a particular element or isotope of an 
element in the sample. 

Proton pulsed NMR of shale yields the total hydrogen content of the shale. Any component of 
shale containing hydrogen will contribute to the free induction decay signal of proton pulsed NMR. 
Thus, hydrogen bonded to carbon atoms in the organic species, water hydrogen, and other inorganic 
hydrogen will contribute to the total NMR signal. 
shale the water content is constant, then the pulsed NMR signal should be directly proportional to 
the oil yield or organic content of the shale. 
directly from the Material Balance Assay of the shale. 
and elemental analysis. Correlation coefficients of 0.9395, 0.9156, and 0.8852 were obtained for 
the oil yield, organic carbon, and total gas effluent as a function of total hydrogen conent by 
pulsed NMR (Figures 7-9). Oil yield possibly correlated better than the organic carbon, and the 
total gas effluent because of the greater concentration of hydrogen in oil than in organic carbon or 
gas effluent. 

Based on the assumption that for a given type of 

Oil yield is obtained along with total gas effluent 
Organic carbon is obtained from wet chemistry 

Inorganic gases containing no hydrogen constitute much of the effluent gas. 

To determine the effects of fracturing and drilling fluids on the shale, test specimens are 
being core drilled from large samples using an air cooled diamond core drill. The specimens are 
restrained under load (Q112 psi) in the axial direction, and they are placed in intimate contact 
with the fracturing fluid. 
Differential Transducer), which has been calibrated over the full range needed for these experiments. 

The linear expansion is measured by means of an LVDT (Linear Variable 

The output signal from the LVDT is amplified and continuously recorded and converted to a 
digital signal, which can be used to monitor linear di2placement as a function of time. 

Typical results from this experiment are presented in Figure 10. Currently, only samples from 
the KY-2 well are being tested; however, testing on samples from the other wells will be initiated 
shortly. A s  the results indicate, samples exposed to water exhibit the greatest expansion, and 
those exposed to kerosene exhibit the least amount of expansion. The unexpected result was that the 
shale exposed to Water and 30% Methanol and 2% KCe expanded more than the shale exposed to only Water 
and 2% KCe. 

The basic clay composition of the shale is illite which adsorbs water when an imbalance occurs 

The degree of hydration can theoretically be controlled by reducing the amount of water 
between the concentration of ions held at the clay surfaceand the solute content of the contacting 
liquid. ( 3 )  
base and increasing the electrolyte content of the fluid. The fluid with the KCL addition should 
inhibit swelling by increasing the ionic level. The fluid with the KCL and Methanol additions should 
further inhibit swelling by slowing down water transfer. Since the KCL and Methanol additions have 
not inhibited swelling as much as the KCe addition above , additional studies are being perforined in 
an attempt to identify this anomaly which has been consistent in all the KY-2 samples tested to date 

One of the first follow-up studies which was performed was an examination of the residue which 
settled out during testing. Figure 11 shows typical results from this investigation. Figure 11A 
is the normal secondary image of the residue. Figure 11B shows the x-ray map for potassium, and 
Figure 11C shows the x-ray map for chlorine. A comparison of these two maps shows some mismatches 
in concentration. When a x-ray map was generated for sulfur (Figure llD) the pattern matched that 
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of the chlorine mismatch, indicating a sulfur-chlorine combination, a corresponding x-ray map for 
iron explained the potassium mismatch. 
with the pyrite which is present in the sample and perhaps this reaction affects the swellingcharac- 
teristics of the shale. 
residue. 
consistent in the samples examined to date. 
ultimately the swelling characteristics, additional studies will be performed on samples with various 
levels of pyrite concentrations. 

These results indicate that a possible reaction is occurring 

This type of elemental combination was not observed in the Water and 2% K& 
This has been the first post-test difference noted between the samples, and it has been 

To verify the effects of pyrite on the fluids and 

M a d  Specttommy 

Prior to the use of the shale core samples for the various tests, the sealed container is opened 
in a special test fixture. 
mass spectrometry, aid the internal pressure of the container is monitored by means of an automatic 
pressure recording device. Contrasting results for the various wells are shown in Table 2. The 
hydrocarbon results are supportative of the gas chromatography results and serve as verification 
data. 
normal air is approximately 0.27. An examination of the results, however, shows that this ratio is 
not always present in the container upon opening. One of the first explanations for these types of 
results would be oxidation of the interior walls of the containers, but this effect has not been 
observed when the containers are examined after opening. 
oxidation of the shale core. This is a somewhat feasible explanation because as the oxygen concen- 
tration decreases, the COP concentration increases. To verify this’ result, several continuous moni- 
toring tests have been performed. The results for two of these tests are graphically presented in 
Figure 12. In  this figure, the initial compositions of the gas in the container is zeroed out and 
the mole % changes of CH4, 0 2 ,  and C O P  are monitored as a function of time. For Sample KY-2-48, it 
appeared that the depletion of oxygen occurred at a much faster rate than the in-growth of C o p .  
lor Sample KY-2-56, the depletion of oxygen appeared to be mirrored by the in-growth of Cop. 
basic difference between these two samples is that the kerogen content of KY-2-48 was woody-coaly, 
while that of KY-2-56 was herbacious. This can account for some difference in the oxygen depletion 
rate as the oxidation potential of woody-coaly material should be higher than that for herbaceous 
material. 

The composition of the gases in the sealed container are determined by 

The nitrogen-oxygen results are somewbt perplexing. The ratio of these gases ( 0 2 / N 2 )  for 

The next most logical explanation is the 

The 

Other differences might become obvious as the samples are subjected to detailed analysi8. 

The mass spectrometry results in general do indicate that in certain instances oxygen is 
depleted from the cover gas and oxidation of carbonaceous materia; is one of the processes that is 
occurring. As more detailed analyqes become available from the samples, it should be possible to 
explain why some samples preferentially suffer depleted oxygen levels in the cover gas. 

Mechanical T a t i n g  

correlate this behavior to the basic characteristics (geochemical, inorganic composition, etc.) of 
the shale. 

Mechanical tests are being performed on the shales to predict their mechanical behaviour and to 

The mechanical testing equipment is shown in Figure 13. 
helium atmosphere and are coated with an impervious coating prior to testing. 
and cracks are generated in the specimen, the gas released from these new surfaces are characterized 
using the quadrupole mass spectrometer and the pressure monitoring equipment. 
setup permits not only the recording of the breaking strength of the material but it also identifies 
the gases released from the sample during test and permits the calculation of gas release rate per 
surface area generated, 

The test specimens are prepared in a 
As the test progresses 

This experimental 

Table 3 lists some of the results obtained to date on the mechanical test specimens. Table 4 I 

lists typical permeation reates determined on mechanically tested specimens. 
is in the range which was expected for the shale samples; however, our data base is not large enough 
at this time to make valid comparisons between these data and the other characterization data avail- 
able on the shale samples. 

The bteaking strength 
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of moisture on the mechanical properties. Table 5 lists two of the results from this study. Both 
samples were exposed to air at two different relative humidities for six weeks prior to test. In the 
case of the sample exposed to 4 4 . 4 %  relative humidity, there was approximately no change in its 
mechanical strength; however, exposure to 100% relative humidity resulted in an approximate reduction 
of 42% in breaking strength. 
to 25 and 75% relative humidity also scheduled for testing. Samples are also being maintained in 
contact with the other fluids examined in the dilatometry study to determine the effects of these 
fluids on the mechanical properties of the shale. 

PHYSICOCHEMICAL CHARACTERIZATION OF DEVONIAN GAS SHALES 
One of the extensions of the mechangcal testing experiments is the determination of the effects 

This sequence of testing is currently continuing with samples exposed 

CONCLUSION 

The results of these studies are expanding the data base for Devonian gas shales. Some of the 
work such as the clay mineralogy and its integration with the geochemical study can only help to 
expand our knowledge of paleozoic shales, which at the current time is very scant. Some of the other 
studies such as mass spectrometry serve to verify the results of associated analysis, but they also 
indicate some unusual characteristics of the shale such as the oxygen depletion occurrance. 
dilatometry study is perhaps indicating that variables such as pyrite concentrations can have signi- 
ficant effects on the behavior of the shales. 

The 

Since the study has been initiated, several correlations with other data have been made, several 
unexpected observations have been noted, and our data base on the Devonian shales and their fuel 
resources has expanded. As more data become available and they are integrated into the data base, an 
accurate characterization of both the Devonian shales and their fuel resources should evolve. 
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CHARACTERIZATI@N AND 4NALYSIS OF IIEVO!lIA!I SHALES: 
I ,  PHYSICAL CHARACTERIZATION 

R. S. Kalyoncu 
W. G. Coppins 
D. T. Hooie 
M. J. Snyder 

BATTELLE COLUMBUS LABORATORIES 

ABSTRACT 

Physical characterization of Eastern Devonian Shales is an important step in Battelle's Columbus 
Laboratories' efforts to determine the relationships between shale characteristics, hydrocarbon 
content, and well location. Among the physical properties to be determined are density, surface 
area, pore sgze, pore size distribution, and permeability. 

Methods of physical characterization, and some characterization data, are reported and several 
problems are discussed. 
with other data on the same samples are also discussed. 

The initial findings and some possible implications about relationships 

INTRODUCTION 

Eastern Gas Shales Project (EGSP) was initiated by ERDA in July, 1976, with research contracts 
awarded to various universities, government laboratories, industries, and independent research 
laboratories. Battelle's Columbus Laboratories ie presently the only independent research laboratory 
contracted by ERDA to establish the overall characterization of the Eastern Devonian Gas Shales. The 
main objectives of the program are to obtain detailed characterization data on these shales and to 
determine the relationships between the characteristics of the shales and their potential gas 
contents, ultimately leading to development and demonstration of technologically and economically 
viable gas recovery methods from the Devonian Shales. 

Approximately 1000 core samples of Eastern Devonian Gas Shales from a number of sites in the 
Appalachian and Illinois basins will be examined in the program. After sufficient characterization 
data for individual wells have been compiled, a regression analysis for pattern recognition will be 
performed to establish possible interrelationships between shale properties, hydrocarbon gas content, 
and well locations from which the samples were obtained. Select'ed core samples are given in Table 1. 

The statement of work for this research under contract No. E(40-1)-5205 calls for the following 
six major tasks to be performed: 

(1) Core sampling 
(2) Gas content and gas release kinetics 
( 3 )  Chemical characterization of shale 
( 4 )  Physical characterization of shale 
(5) Lithology of shale 
(6) Data interpretation and correlation. 
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2 
CHARACTERIZATION AND ANALYSIS OF DEVONIAN SHALES: 

I. PHYSICAL CHARACTERIZATION 

Task 1. Core Sampling 

EGS-14 

In cooperation with ERDA and the appropriate State Geological Survey, Battelle participates in 
These samples are stored in special sealed containers - to preserve the selection of core samples. 

their "down-hole" state as well as possible. Core samples are also provided for Juniata College and 
Mound Laboratory. Battelle also is gathering the relevant information from on-site observations and 
well-log data for subsequent interpretation and correlation with characterization results on the 
selected samples. 

Task 2. Gas Content and Gas Release Kinetics 

This task calls for the quantitative determination of the hydrocarbon gas evolved from and 
surrounding the shale samples in the sealed containers and the study of gas release kinetics through 
thermogravimetric and gas dynamics methods. If possible, kinetic parameters, such as activation 
energy and reaction rate constants, will be obtained in these kinetic studies. 

Task 3.  Chemical Characterization of Shale 

Performance of this task requires measurement of total carbon, hydrogen, and nitrogen contents 
on all samples along with determination of a number of trace elements by optical emission spectro- 
scopy on selected samples from each well. 

Task 4 .  Physical Characterization of Shale 

Microstructural and physical characterization of the shale samples are accomplished through 
density, surface area, permeability, porosity and pore size distribution measurements. 

Task 5. Lithology of Shale 

This task comprises the mineralogical analysis of the shales through x-ray diffraction methods 
and study of thin sections and bulk shales by light and scanning electron microscopy, respectively. 

Task 6. Data Interpretation and Correlation 

Statistical analysis using computer techniques will be employed for this task. All the data 
compiled on the project, e.g., on-site observations, well-log, a d  laboratory characterization data 
will be used to determine possible trends and relationships between the potential gas contents and 
the physical, chemical, and other characteristics of the shale. 

The tasks which are briefly described above are summarized in Figure 1 as they appear in the 
original statement of work. Description of the experiments and the evaluation of the data obtained 
under Task 4 entitled physical characterization makes up the main theme of this paper. 
mention of the lighology, carbon contents, and free gas contents will be made, however, to establish 
certain correlations between the physical characterization data and gas contents of the shales. 

Brief 

An informative description of the methods and procedures employed in performing the physical 
characterization of shales follows. 

Bulk, Apparent, and True Densities of Shale 

Experimental Methods described in the Appendix were used to determine the three densities of 
the shale, namely, bulk, apparent, and true densities. Open, closed, and total porosities were 
calculated from the density data. 

Tables 2 through 5 summarize some of the density data obtained during the last year. A wide 
variation in the density values of the individual samples is observed in almost all the wells 
studied. This is likely due to the variations in chemical composition of the shales (especially 
organic content) rather than porosities, as supported by the total carbon content and XRD analyses. 
In a few instances some samples were even found to have higher bulk and apparent densities than true 
densities. A possible explanation for this rests in the difficulty of obtaining representative 
samples for the characterization experiments. Different specimens from the same core are employed 
for the measurement of bulk and apparent and true density measurements. The possibility of 
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u t i l i z i n g  n o n r e p r e s e n t a t i v e  o r  u n l i k e  samples  i s  v e r y  real and i s  u n a v o i d a b l e  b e c a u s e  s o l i d  chunks 
are used  i n  t h e  b u l k  and a p p a r e n t  d e n s i t y  measurements  and powdered spec imens  are u t i l i z e d  i n  t r u e  
d e n s i t y  d e t e r m i n a t i o n s .  
a h i g h  d e n s i t y  m i n e r a l  s u c h  as p y r i t e  o r  s i d e r i t e ,  i n  which  case, the b u l k  d e n s i t y  measured c o u l d  
b e  h i g h e r  than t h e  t r u e  d e n s i t y  d e t e r m i n e d  u s i n g  a n o t h e r  sample.  

It is  q u i t e  p o s s i b l e  f o r  a b u l k  d e n s i t y  sample  t o  c o n t a i n  a l a r g e  amount o f  

The measured b u l k  d e n s i t y  v a l u e s  r a n g e  from 2 . 3  t o  2 . 8  g / c c  w i t h  t y p i c a l  v a l u e s  a round 2.6 g l c c .  
T y p i c a l  t r u e  d e n s i t y  v a l u e s  are around 2 .7  g / c c .  Open, c l o s e d ,  and t o t a l  p o r o s i t i e s  c a l c u l a t e d  from 
the  measured d e n s i t y  v a l u e s  are a l s o  d e p i c t e d  i n  F i g u r e s  2 t h r o u g h  5. 
c a l c u l a t e d  from b u l k  and a p p a r e n t  d e n s i t i e s  r a n g e  from 0 .6  t o  5 .0  p e r c e n t  and c l o s e d  p o r o s i t i e s  v a r y  
be tween 0.3 and 3.0 p e r c e n t .  

The open p o r o s i t y  v a l u e s  

A s i g n i f i c a n t  c o r r e l a t i o n  d o e s  n o t  ex is t  be tween the  b u l k  d e n s i t i e s  and p o r o s i t y ,  a l t h o u g h  one 
might  e x p e c t  t h a t  a low b u l k  d e n s i t y  v a l u e  would b e  accompanied by  a h i g h  p o r o s i t y .  A r e a s o n a b l y  
good c o r r e l a t i o n  be tween t h e  b u l k  d e n s i t y  and i n i t i a l  g a s  c o n t e n t  a p p e a r s  t o  b e  the case as d i s c u s s e d  
i n  P a r t  I1 of t h i s  p a p e r .  A v e r y  s i g n i f i c a n t  c o r r e l a t i o n  i s  found be tween the  b u l k  d e n s i t i e s  and 
the  c a r b o n  c o n t e n t s  of  t h e  s h a l e s  as F i g u r e s  2 and 3 i l l u s t r a t e  f o r  0-1 and P-1 w e l l s ,  r e s p e c t i v e l y .  
A s  c a n  b e  seen, t he  c a r b o n  c o n t e n t s  are i n v e r s e l y  p r o p o r t i o n a l  t o  b u l k  d e n s i t y  v a l u e s .  
o r g a n i c  matter i n  t h e  s h a l e s  increases, t h e  b u l k  d e n s i t i e s  d e c r e a s e .  

A s  the  

S u r f a c e  Areas  of S h a l e  

Some of t h e  s u r f a c e  a r e a  d a t a  a s  o b t a i n e d  u s i n g  t h e  M i c r o m e r i t i c s  Model 2205 a u t o m a t i c  s u r f a c e  
a r e a  a n a l y z e r  a r e  r e p o r t e d  i n  T a b l e s  6 th rough 8 f o r  v a r i o u s  wel ls .  C o n s i d e r a b l e  v a r i a t i o n  a l s o  
e x i s t s  i n  t h e  s u r f a c e  a r e a  v a l u e s  of t h e  s h a l e s .  The s u r f a c e  a r e a  v a l u e s  d o  n o t  seem t o  b e a r  a 
r e l a t i o n s h i p  t o  sample  d e p t h  o r  p o r o s i t y  v a l u e s  c o n t r a r y  t o  e x p e c t a t i o n s .  A l s o ,  no d i s t i n c t  
c o r r e l a t i o n  e x i s t s  between s u r f a c e  a r e a s  and i n i t i a l  g a s  c o n t e n t s  of  s h a l e s .  From t h e  XRD s t u d i e s ,  
however ,  s u r f a c e  a r e a s  of  t h e  s h a l e s  seem t o  t i e  i n  w e l l  w i t h  t h e  c l a y  m i n e r a l  c o n t e n t s  i n  t h e  
s h a l e s ,  h i g h  s u r f a c e  a r e a  v a l u e s  i n d i c a t i n g  h i g h e r  c l a y  m i n e r a l  c o n t e n t .  T h i s  o b s e r v a t i o n ,  however ,  
is s e m i q u a n t i t a t i v e  a t  b e s t  s i n c e  no e f f o r t s  were made t o  q u a n t i t a t i v e l y  d e t e r m i n e  t h e  m i n e r a l  
c o m p o s i t i o n  of t h e  s h a l e s .  T h i s  g e n e r a l  r e l a t i o n s h i p ,  however, i s  r a t h e r  u n m i s t a k a b l e .  So f a r  
t h e r e  a p p e a r s  t o  b e  no r e l a t i o n s h i p  between t h e  c a r b o n  c o n t e n t  and s u r f a c e  a r e a  v a l u e s .  
F i g u r e s  4 t h r o u g h  6 a r e  i n t e n d e d  t o  show p o s s i b l e  one- to-one  r e l a t i o n s h i p s  between t h e  s u r f a c e  
a r e a s  and o t h e r  p r o p e r t i e s  of t h e  s h a l e s .  A s  e v i d e n t  f rom t h e s e  f i g u r e s ,  d i s t i n c t  c o r r e l a t i o n s  
between t h e  s u r f a c e  a r e a s  and b u l k  d e n s i t y ,  w e l l  d e p t h ,  and p o r o s i t y  v a l u e s  a r e  n o t  found.  The 
s u r f a c e  a r e a  v a l u e s  a r e  p r o b a b l y  governed more c l o s e l y  by t h e  c o n t e n t  o f  f i n e r  p a r t t c l e  s i z e  p l a t e -  
l i k e  c l a y  m i n e r a l s .  Samples w i t h  h i g h e r  s u r f a c e  a r e a s  seem t o  c o n t a i n  h i g h e r  f r a c t i o n s  of  c l a y  
m i n e r a l s  a s  e v i d e n c e d  by x - r a y  d i f f r a c t i o n  a n a l y s e s .  Such a n  o b s e r v a t i o n  i s  a l s o  t r u e  f o r  t h e  c o l o r  
of t h e  p u l v e r i z e d  s h a l e  samples .  L i g h t e r  c o l o r s  a r e  o b s e r v e d  w i t h  h i g h e r  c l a y  m i n e r a l  and lower 
o r g a n i z e d  c o n t e n t s ,  

P l o t s  i? 

The s u r f a c e  a r e a s  a r e  measured i n  t h e  a s - r e c e i v e d  c o n d i t i o n  w i t h o u t  any s p e c i a l  t r e a t m e n t  
( t h e r m a l  o r  o t h e r w i s e )  of t h e  powdered s h a l e  spec imens ,  e x c e p t  f o r  15 m i n u t e s  o u t g a s s i n g  and 
e q u i l i b r a t i o n  i n  t h e  sample  h o l d e r  of t h e  s u r f a c e  a r e a  a p p a r a t u s  a t  room t e m p e r a t u r e .  These 
s u r f  a c e  a r e a  v a l u e s  s h o u l d  be d e s i g n a t e d  a s  "apparent"  v a l u e s ,  because  t h e  measured s u r f a c e  a r e a s  
a r e  g r e a t l y  a f f e c t e d  by t i t b  t h e r m a l  and o t h e r  p h y s i c a l  c o n d i t i o n s  under  w h i c h  t h e  e x p e r i m e n t s  a r e  
c a r r i e d  o u t .  To i l l u s t r a t e ,  f o r  example,  t h e  impor tance  of o u t g a s s i n g  t e m p e r a t u r e s  on t h e  s u r f a c e  
a r e a  v a l u e s  d e t e r m i n e d  a se r ies  of measurements were made of t h e  same s h a l e  sample a t  v a r i o u s  
o u t g a s s i n g  t e m p e r a t u r e s .  F i g u r e  7 summarizes t h e s e  f i n d i n g s .  A s  i s  o b v i o u s  f rom t h e  f i g u r e ,  t h e  
measured s u r f a c e  a r e a  of sample C-1-2782 a t  200 C o u t g a s s i n g  t e m p e r a t u r e  i s  a l m o s t  a n  o r d e r  o f  
magni tude h i g h e r  t h a n  t h e  v a l u e  o b t a i n e d  f o r  t h e  same sample o u t g a s s e d  a t  room t e m p e r a t u r e  f o r  t h e  
same l e n g t h  of t i m e .  

Mercury I n t r u s i o n  P o r o s i t y  of S h a l e s  

P r e s e n t l y  o n l y  raw p o r o s i m e t e r  d a t a  on a b o u t  60 samples  have been o b t a i n e d .  Pore s i z e  and pore  
s i z e  d i s t r i b u t i o n  a s  a f u n c t i o n  of p r e s s u r e  a r e  b e i n g  c a l c u l a t e d .  The e x p e r i m e n t a l  d i f f i c u l t i e s  
i n i t i a l l y  e n c o u n t e r e d  i n  p o r o s i t y  measurements have  been r e s o l v e d  and no f u t u r e  problems a r e  f o r e s e e n  
a t  t h e  p r e s e n t .  
R e s u l t s  f o r  one specimen a r e  summarized i n  F i g u r e  8.  The c a l c u l a t e d  n e t  pore  volume f o r  t h i s  sample 
i s  0.01995 c c / g  (which i s  a b o u t  5 p e r c e n t  by volume) and t h e  a v e r a g e  pore  d i a m e t e r  i s  0.046 Pm. 
These v a l u e s  compare r e a s o n a b l y  w e l l  w i t h  t h e  p o r o s i t y  v a l u e s  c a l c u l a t e d  from t h e  d e n s i t y  d a t a  w i t h  
t h e  c a l c u l a t e d  p o r o s i t i e s  b e i n g  somewhat h i g h e r  t h a n  t h e  p o r o s i t y  v a l u e s  d e t e r m i n e d  u s i n g  t h e  
mercury  i n t r u s i o n  p o r o s i m e t e r .  T h i s  i s  n o t  unexpec ted  a s  t h e  t o t a l  p o r o s i t y  d e t e r m i n e d  w i t h  t h e  

A computer  program h a s  j u s t  been developed  f o r  p o r o s i t y  and p o r e  s i z e  d i s t r i b u t i o n .  
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mercury  i n t r u s i o n  p o r o s i m e t e r  i s  a f u n c t i o n  of p o r e  s i z e  and t h e  p r e s s u r e  a t  which t h e  mercury i s  
f o r c e d  i n t o  t h e  p o r e s .  S i n c e  t h e  i n s t r u m e n t  h a s  a l i m i t e d  p r e s s u r e  c a p a c i t y  (15,000 p s i  i n  t h i s  
c a s e ) ,  p o r e s  s m a l l e r  t h a n  a c e r t a i n  s i z e  t o g e t h e r  w i t h  most o f  t h e  c l o s e d  p o r e s  w i l l  n o t  be 
i n c l u d e d  i n  t h e  measured p o r o s i t y  v a l u e s .  

P e r m e a b i l i t y  of  S h a l e  

P e r m e a b i l i t i e s  of s h a l e  t o  h e l i u m  g a s  were d e t e r m i n e d  employing t h e  method d e s c r i b e d  i n  t h e  
Appendix. Out o f  t h e  50 p e r m e a b i l i t y  r u n s  t h a t  have been made on a s - r e c e i v e d  s h a l e  samples  of  
o n e - i n c h  d i a m e t e r  and 1 / 4  i n c h  t h i c k  d i s c s ,  o n l y  a few samples  showed any measurable  p e r m e a b i l i t y  
t o  he l ium.  These measurements  i n d i c a t e  t h a t  t h e  s h a l e s  i n  a s - r e c e i v e d  s t a t e  a r e  v i r t u a l l y  
impermeable  t o  g a s e s .  Even t h e  samples  where t h e  g a s  f l o w  was p a r a l l e l  t o  bedding  p l a n e s  e x h i b i t e d  
z e r o  t o  n e g l i g i b l e  p e r m e a b i l i t i e s  ( i n  t h e  o r d e r  of  7 x Darcy)  t o  h e l i u m  g a s .  These f i n d i n g s  
of t h e  p e r m e a b i l i t y  measurements  a r e  i n  no way c o n t r a d i c t e d  by t h e  d e n s i t y  and p o r o s i t y  d a t a  a s  
i n d i c a t e d  by s i g n i f i c a n t l y  h i g h  bulk  d e n s i t i e s  and r e l a t i v e l y  s m a l l  p o r o s i t i e s  of t h e  s h a l e s .  
P r e s e n t l y ,  some a t t e m p t s  a r e  b e i n g  made toward enhancing  t h e  p e r m e a b i l i t i e s  of t h e  s h a l e s  by 
c h e m i c a l  and t h e r m a l  t r e a t m e n t s .  

CONCLUDING REMARKS 

The v a l u e s  of t h e  p h y s i c a l  c h a r a c t e r i z a t i o n  d a t a  on t h e  s h a l e s  d e t e r m i n e d  a s  d e s c r i b e d  i n  t h i s  
p a p e r  may be of l i m i t e d  v a l u e  i n  r e a c h i n g  t h e  u l t i m a t e  g o a l  of t h e  E a s t e r n  Gas S h a l e s  P r o j e c t .  
One-to-one c o r r e l a t i o n s  between p h y s i c a l  p r o p e r t y  d a t a  and i n i t i a l  g a s  r e l e a s e  o r  o r g a n i c  c a r b o n  
c o n t e n t  a r e  p r e s e n t l y  e i t h e r  vague o r  n o n e x i s t e n t .  However, a t  t h i s  s t a g e  of t h e  i n v e s t i g a t i o n ,  i t  
i s  n o t  e n t i r e l y  unexpec ted  t h a t  t h e r e  a r e  b u t  few d i r e c t  c o r r e l a t i o n s .  Many of t h e  u n r e s o l v e d  
q u e s t i o n s  w i l l  n o t  be answered u n t i l  s u E f i c i e n t  d a t a  have been c o l l e c t e d  t o  per form a m u l t i p l e  
r e g r e s s i o n  a n a l y s i s  l e a d i n g  t o  a p a t t e r n  r e c o g n i t i o n .  The number of v a r i a b l e s  and t h e  volume of 
d a t a  i n v o l v e d  i n  t h e  program a r e  f a r  t o o  numerous t o  permi t  any s i m p l e - t y p e  c o r r e l a t i o n .  

A t  t h e  t i m e  s u f f i c i e n t  d a t a  have  been compi led ,  a r e g r e s s i o n - t y p e  a n a l y s i s  w i l l  b e ,  conducted  
i n  an e f f o r t  t o  d e t e r m i n e  t h e  i n t e r r e l a t i o n s h i p s  and t r e n d s  between t h e  hydrocarbon g a s  c o n t e n t  and 
t h e  p h y s i c a l  and c h e m i c a l  c h a r a c t e r i s t i c s  of s h a l e s  both  f o r  i n d i v i d u a l  wells and f o r  b a s i n s .  

A s  ment ioned  e a r l i e r  i n  t h i s  a r t i c l e ,  some of t h e  d a t a  b e i n g  compiled from t h e  a s - r e c e i v e d  
s h a l e  p o s s i b l y  may have l i m i t e d  v a l u e .  What may be  even  more u s e f u l  a r e  p r o p e r t y  d a t a  on s h a l e s  
o b t a i n e d  b e f o r e  and a f t e r  c e r t a i n  t y p e s  of t r e a t m e n t  of t h e  s h a l e .  For  example,  t h e  d i f f e r e n c e  
between t h e  s u r f a c e  a r e a  v a l u e s  of  a s - r e c e i v e d  s h a l e  samples  and samples  which had been t h e r m a l l y  
t r e a t e d  would p r o b a b l y  be a much more u s e f u l  parameter  i n  a s s e s s i n g  t h e  p o t e n t i a l  g a s  y i e l d s  a s  
opposed t o  a s i n g l e  s u r f a c e - a r e a  measurement on an a s - r e c e i v e d  sample.  By t h e  same t o k e n ,  t h e  
d i f f e r e n c e  i n  p e r m e a b i l i t y  between an a s - r e c e i v e d  specimen and a sample s u b j e c t e d  t o  l e a c h i n g  t o  
remove o r g a n i c s  would be a much b e t t e r  measure of  t h e  o r g a n i c s  c o n t e n t  and t h e  r e l a t i v e  e a s e  of 
removal  t h a n  m e r e l y  a s i n g l e  v a l u e  of p e r m e a b i l i t  of an a s - r e c e i v e d  s h a l e  specimen.  With t h i s  
r e a s o n i n g ,  t h e r e f o r e ,  a l i m i t e d  e f f o r t  i s  b e i n g  p 7 aced on such  s t u d i e s .  

I n  much t h e  same v e i n  a s  measurement of p r o p e r t y  d a t a  s o l e l y  on a s - r e c e i v e d  samples  i s  t h e  
q u e s t i o n  and i m p o r t a n c e  of u t i l i z i n g  r e p r e s e n t a t i c e  samples  f o r  t h e  g e n e r a t i o n  of  t h e s e  d a t a .  
Emphasis on t h i s  c h a r a c t e r i z a t i o n  a s p e c t  i s  p a r t i c u l a r l y  i m p o r t a n t  when working w i t h  r e l a t i v e l y  
inhomogeneous m a t e r i a l s  of h i g h l y  v a r i a b l e  c o m p o s i t i o n s ,  s u c h  a s  s h a l e s .  The wide v a r i a t i o n  i n  
much of t h e  c h a r a c t e r i z a t i o n  d a t a  t o  d a t e  c a n  be a t t r i b u t e d  t o  t h e  d i f f i c u l t y  of  o b t a i n i n g  
r e p r e s e n t a t i v e  samples .  For  example,  some of t h e  d a t a  i n d i c a t e  a h i g h e r  b u l k  t h a n  t r u e  d e n s i t y  f o r  
t h e  same c o r e  sample.  T h i s  anomoly c a n  o n l y  be e x p l a i n e d  on t h e  b a s i s  of sample s e l e c t i o n  and 
p r e p a r a t i o n .  Bulk d e n s i t y  measurements  a r e  made on a s o l i d  p i e c e  of  s h a l e ,  whereas  powdered 
spec imens  of p o s s i b l y  d i f f e r i n g  c o m p o s i t i o n s  a r e  used f o r  t r u e  d e n s i t y  measurements .  I t  i s  h i g h l y  
c o n c e i v a b l e  t h a t  a b u l k  d e n s i t y  sample may c o n t a i n  a l a r g e  amount of a h i g h  d e n s i t y  m a t e r i a l  s u c h  a s  
p y r i t e  o r  s i d e r i t e .  P y r i t e ,  i n  p a r t i c u l a r ,  i s  most l i k e l y  t o  be p r e s e n t  because  i t  h a s  been 
observed  t o  be p r e s e n t  i n  s t r e a k s  a l o n g  t h e  bedding  p l a n e s .  

C-H-N measurements  a r e  l i k e w i s e  g r e a t l y  i n f l u e n c e d  by sample s e l e c t i o n .  These measurements  a r e  
made w i t h  3 t o  5 mg powdered samples  and because  of t h e  e x t r e m e l y  s m a l l  q u a n t i t i e s  of m a t e r i a l  be ing  
measured ,  e x t r e m e  c a r e  must b e  t a k e n  i n  t h e  e x t r a p o l a t i o n  of t h e s e  d a t a  a s  b e i n g  r e p r e s e n t a t i v e  of 
t h e  c o r e  sample o r  a s  b e i n g  r e l a t e d  i n  some f a s h i o n  t o  t h e  v a l u e s  of t h e  e n t i r e  s h a l e  bed. 
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Summarily, t h e  d a t a  g e n e r a t e d  must be  u t i l i z e d  i n  an e x t r e m e l y  c a r e f u l  manner u n t i l  such  time 

a s  s u f f i c i e n t  numbers a r e  a v a i l a b l e  t o  be  c o n s i d e r e d  a s  t r u l y  r e p r e s e n t a t i v e  o f  t h e  p a r t i c u l a r  s h a l e .  
Premature e v a l u a t i o n s  based  on i n s u f f i c i e n t  and w i d e l y  s c a t t e r e d  d a t a  c a n  o n l y  l e a d  t o  e r r o n e o u s  
and q u i t e  m i s l e a d i n g  c o n c l u s i o n s .  

The c h a r a c t e r i z a t i o n  d a t a  o b t a i n e d  a l s o  g r e a t l y  depend on t h e  s p e c i f i c  e x p e r i m e n t a l  p a r a m e t e r s  
and c o n d i t i o n s  s o  t h a t  t h e  measured v a l u e s  of  p h y s i c a l  p r o p e r t i e s  c o u l d  v a r y  g r e a t l y  even when_ 
i d e n t i c a l  i n s t r u m e n t a t i o n  and s u p p o s e d l y  i d e n t i c a l  c o n d i t i o n s  a r e  employed. The s u r f a c e  a r e a  
v a l u e s ,  f o r  example,  a s  d i s c u s s e d  p r e v i o u s l y  w i l l  g r e a t l y  depend on o u t g a s s i n g  t e m p e r a t u r e  and t i m e .  
Whenever the c h a r a c t e r i z a t i o n  d a t a  are p r e s e n t e d  and d i s c u s s e d ,  t h e  e x p e r i m e n t a l  p r o c e d u r e  used  t o  
o b t a i n  t h e  d a t a  and e x a c t  p h y s i c a l  and t h e r m a l  c o n d i t i o n s  u n d e r  which the  d a t a  are o b t a i n e d  s h o u l d  
b e  d e s c r i b e d  i n  d e t a i l .  
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6 
CHARACTERIZATION AND ANALYSIS OF DEVONIAN SHALES: 

I. PHYSICAL CHARACTERIZATION EGS-14 

APPENDIX 

EXPERIMENTAL METHODS 

1. Sample Preparation 

Following puncturing for off-gas analysis, the can is opened and the core sample removed. It 
is oriented as in the down-hole position and photographed. A rough drawing of the fracture segments 
is constructed, together with a brief description of the mineralogical and fractographic features. 
Total weight of the sample core is obtained, together with the weight of the empty can and lid. A 
weighed sample is removed €or gas kinetics analysis. 

To obtain adequate sample representation, portions of the core are removed from the top from 
the center and from the bottom. 
and apparent density measurements. 
grinding, the samples are sieve-sized using screens of 10, 20, 100, and 200 mesh. The various 
fractions are utilized as follows: 

Samples, approximately 1-1/8" x 112'' x 1/2", are retained for bulk 
The remainder is ground together in a rotary mill. Following the 

-10 + 20 fraction for porosity measurement 
-100 + 200 fraction for true density measurement 

surface area measurement 
-200 fraction for C-H-N and XRD analyses. 

2. Bulk and Apparent Density Measurements 

Samples are cut from the top, center, and bottom of each core. A sample approximately 1-1/8" x 
112'' x-112'' is cut from each section of the core. The procedure is as follows: 

Weigh (in grams) the as-cut samples before placing in the vacuum drying oven, 
record on computer sheet. 

Dry sample overnight in vacuum oven at 250 F. 

After samples are cooled, weigh and record on computer sheet, (W,). 

Place samples in a container, then place samples and container in a vacuum 
set up for two hours. At the end of the two hours, cover samples to 112 inch 
above top of samples with kerosene and let stand for two hours under vacuum. 
After two hours in kerosene, remove container from vacuum set up. 
container with samples in kerosene set overnight. 

Let the 

Get suspended weight of samples and record on computer sheet, (W J. 
weight of basket in kerosene and record on computer sheet. 
weight with each weighing for suspended weight by placing sample on bottom 
of suspended weight container. If there is a difference in basket weight, 
record on computer sheet. 

Get 
Checf basket 

With a tissue dampened with kerosene, wipe excess kerosene from sample, then 
get the wet weight, record on computer sheet, (Ws). 

Dry samples overnight in vacuum oven at 250 F. Let samples cool and then 
weigh, record on computer sheet. 

calculation of densities proceeds as follows: 

(a) Weight of shale sample after 
oven drying at 250 F = WD (gm) 

(b) Weight of sample following impregnation = ws (gm> 
with kerosene, i.e., saturated weight 
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(c) Weight of saturated sample suspended - - Wss (gm) in kerosene 

Using these data, the following 

(d) Bulk volume (V,) 
D 

- 's - wss - 
'B p kerosene ' 

(el Bulk density (DB) 

wD D = -  
'B ' 

( f )  Apparent volume (V,) 

- - 'D - 'SS 
'A p kerosene ' 

(g) Apparent density (D ) A 

A 'A' 
wD D = -  

Use of the true density permits 
(i) True volume (V ) T 

calculations can be made: 

(cc) 

(%I  

calculation of true volume. 

(CC) 

where DT is true density 

(j) Total porosity (P ) TOT 

'B - 'T , ( X I  - 
vB 'TOT - 

(k) Closed porosity (P ) C 

Pc = PTOT - Po , (%I 

For all of the density measurements, the temperature of the sample and kerosene is measured and a 
correction applied to the density of the kerosene. 

3 .  True Density Measurements 

True density and volume need: 

Pychnometers and stoppers with capillary tube. 

The experimental procedure is as follows: 

(a) 

(b)  

Dry the stopper and bottle at 100°C for two hours. 

Weigh pychnometer and stopper (P). 

2 3 6  
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a 
CHARACTERIZATION AND ANALYSIS OF DEVONIAN SHALES: 

I. PHYSICAL CHARACTERIZATION EGS- 14 

Fill pychnometer with kerosene to mark. 

Weigh pychnometer and kerosene and stopper (W,). 

Empty the kerosene, wash pychnometer with acetone and dry 
in oven for two hours. Weigh 4 g powdered sample in pychnometer. 

Dry pychnometer and sample and stopper in vacuum at 120 C overnight. 

Weigh pychnometer and sample and stopper (W). 

Fill pychnometer with kerosene to 1/3 full. 

Place paper between stopper and pychnometer. 
a plan of hot water and boil for 15 minutes. 

Fill the bottle to the base of the neck with kerosene and cool 
to room temperature. 

Fill the bottle the remaining distance to mark on neck of bottle 
and stopper. 

Wipe the bottle dry with a soft cloth. 

Place pychnometer in 

W = final weight of pychnometer with sample, stopper, and 
kerosene. 2 

Calculations: 

(1) True volume 

a. V = true volume, cc 

b. 
t 

t V = (W + W1 - W2 - P ) / p  kerosene 

(2) True density 

a. pt = true density, g/cc 

b. pt  = (W - P)/Vt 

( 3 )  Closed porosity 

a. Pc = percent closed porosity 

b.  PC = [(Va - Vt)/Va] x 100 

( 4 )  Total porosity 

a. Pt = percent total porosity 

b. 
c 

Pt = Po + Pc 
c. Pt = [(V, - Vt)/Vbl x 100 

4 .  Surface Area Measurements 

The surface area of powdered shale samples - ground to 100-200 mesh - is measured with a 
Micromeritics High Speed Surface Area Analyzer, Model 2205, by determining the quantity of gas 
necessary to form a single layer of gas molecules, a so-called monomolecular layer, on a repre- 
sentative sample. Testing is accomplished using argon gas at the temperature of liquid nitrogen 
(-179 C ) ,  because under these conditions, the gas molecules are strongly absorbed on most solid 
surfaces, and the area occupied by each adsorbed gas molecule on a solid surface is known within 
relatively narrow limits. The background of this technique is based on the well known B.E.T. theory. 

Argon is particularly appropriate for automated instrument analysis as it has a low vapor 
pressure at liquid nitrogen temperature, making it possible to measure correspondingly small 

2 31 



KALYONCU, COPPINS, HOOIE, & SNYDER EGS-14 
adsorptions - hence, relatively low specific surface areas - with reasonable accuracy. 
very high ionization potential because its stable electronic shells give it extreme chemical 
inertness. Argon has the smallest atomic dimensions of the gases generally used in adsorption 
work and low polarizability. It should be expected, therefore, to show little variation in its 
heat of adsorption from one solid to another and to be unlikely to undergo localized adsorption. 

It has a 

The basic construction of the instrument is shown in Figure A-1. It consists of three 
sample holders; three two-stage valves, two pressure sensors, one which is set somewhat below 
atmospheric pressure and one at the pressure of monolayer formation, a variable volume cell, 
three sorption pumps connected to the variable volume by a solenoid valve and the associated 
piping and connectors. 
Electronic controls and auxiliary systems are not indicated. 

The basic components of the system are maintained at fixed temperatures. 

9 

A s  the valves are arranged on the diagram, the sample on the left is being outgassed, i.e., 

Outgassing is accomplished by forcing argon through the sample at a 
prepared for analysis, the center sample is being analyzed, and the section on the right is 
closed for sample changing. 
selected temperature. Water and other vapors previously adsorbed are thus flushed from the 
sample. 
liquid nitrogen. 
associated with the sample, including that of the variable volume and pressure detectors, is 
brought automatically by the sorption pump to the higher of the two fixed pressures. 
sample is then cooled, the gas pressure in the sample space decreases due to the change in 
temperature and to the gas being removed by adsorption onto the sample. 
variable volume portion of the system is brought to the lower of the two fixed pressures, again 
by the sorption pump. 
the pressure is maintained at the lower of the two fixed pressure points. The magnitude of the 
shift is a measure of the gas adsorbed as a monomolecular layer, hence of the surface area of 
the sample. 

The adsorption or analysis step is carried out with the sample holder immersed in 
Immediately prior to this cooling of the sample, the gas pressure in the system 

When the 

The pressure in the 

Upon shifting a valve, the variable volume shifts automatically S O  that 

5. Porosity Measurements 

Pore size and pore size distribution of the shales are measured with a Carlo Erba Mercury 
IntrusTon Porosimeter Model AG/60. 
15,000 psi. 

The maximum operating pressure of this instrument is 

The determination of pore size with the mercury penetration method is based on the behavior of 
nonwetting liquids in capillaries. Because of its surface tension, a liquid cannot spontaneously 
enter a small pore which has a wetting angle greater than 90. This resistance may be overcome by 
exerting a certain external pressure. 
tension is a function of the pore size, r. 

The pressure necessary to force the liquid with surface 

The relationship between pore size and exerted pressure is given by the equation of Washburn. 

pr = 2 acos0 

where 

r = pore radius 
a = mercury surface tension 
0 = wetting angle 
p = absolute pressure exerted 

The relationship derives from the following consideration: 
the surface tension of the liquid operates in the contact.area for a length equal to. the pore 
circumference. This force is perpendicular to the plane of the contact surface; the force 
tending to push the liquid out of the capillary is: 

In a capillary with circular section, 

2arocosQ 

Against this force, the external pressure will be exerted on the area limited by the contact 
circumference with a value equal to 

parL 

2 3 8  
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CHARACTERIZATION AND ANALYS S OF DEVONIAN SIY\LES: 

I. PHYSICAL CHARACTERIZATION EGS-14 

When equilibrium has been reached, these two forces have the same value 

2 2nrucosO = pnr 

Hence, the pore radius is inversely proportional to the pressure 

r = 2acosO/p 

When using mercury, and assuming surface tension 480 dyneslcm and wetting angle 141.3', and also 
assuming that all pores have cylindrical shape, the following relationship between pore radius 
and pressure is obtained 

r = 75,0001~ 

where 
0 r = pore radius in A 

p = absolute applied pressure in Kg/cm 2 

This equation is exact only in the case of circular pores. 
between the pore cross section (related to the pressure exerted) and the pore perimeter (related 
to the surface tension) is no more proportional to the radius, but, depending on the pore shape, 
will give lower values. 

For pores of irregular form, the ratio 

The value of the wetting angle (here assumed to be 141.3O) depends on the nature of the 
sample, and should therefore be considered as an average value only. 
mercury wetting angle has been measured on a large number of samples. 
have been found; hence, we have assumed 141.3O as average value of the wetting angle. 

By means of the x-rays, the 
Values between 135O and 142O 

Surface tension should also be considered as an uncertain value. At 25OC, its value is of 
about 482.2 dyneslcm, while at 5OoC, it is of 472 dyneslcm. 
parameter is rather stable to temperature changes, and 480 dyneslcm has been assumed as an average 
value. 
the pores form remain constant in the entire pore size range of a given sample. 
pressure-radius function of the pores may have a certain displacement in the absolute radius 
values but remains correct from a relative point of view. 

It is possible to notice this 

I n  spite of the presence of these errors, we presume the nature of porous substance and 
Therefore, the 

6 .  Permeability Measurements 

Permeability i.s measured by recording gas flow through a specimen under a pressure gradient. 
The apparatus consists of a vacuum supply, a manometer, a specimen holder, and the necessary 
plumbing for operation. A schematic diagram of the permeability assembly is depicted in Figure A-2. 

Initial Operating Status: 

(1) Valves 6 and 7 closed; 1, 2, 3, 4 open 
(2) Roughing pump on 
(3) Cold trap filled 

This will supply vacuum to the system. 
mercury to be drawn into the system. 
the system allowing it to be opened for specimen insertion. 
resealed and valves 3 and 4 opened again to draw vacuum on this part of the system again. 
Specimen insertion is dealt with on Page 3. 
enter the manometer. 
closed. 

Care should be taken not to open valve 6 as this will allow 
Closing valves 3 and 4 will isolate specimen holder "A" from 

After this is done, it should be 

Opening valve 7 very slowly will allow helium to 
When Hg level is near the bottom of the calibration, the valve should be 

The apparatus is now ready for operation. 

The following steps are followed in the operation of the unit: 

(a) Read mercury meniscus'level. 

(b) When thermocouple gauge shows 100 microns, close valve 5. 
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(c) Using a stopwatch, time the rise of the mercury column that will 
begin when valve 6 is opened and end when it is closed. The 
best technique for this is to open the valve rather quickly, 
starting the stopwatch at the same time. Observe the rise of 
mercury column and stop gas flow (close valve 6 )  when it nears 
the top of the calibration. 
valve is closed. 
column in as little as 2-3 seconds, so alertness is mandatory. 

With valve 6 closed, valve 5 should be opened to restore vacuum 
to the system as soon as possible. 

Record elapsed time and new meniscus level. 

Bleed more helium into the manometer by slowly opening valve 7. 

Also stop the stopwatch as the 
Vastly different flow rates may fill the 

(d) 

(el 

(f) 

Apparatus is now ready for next run. 

If specimen is to be changed, in step 4 ,  leave valve 5 open but close valves 3 and 4 before 

When holder is resealed, opening valves 3 and 4 simultaneously will 
vacuum is restored. 
working against vacuum. 
minimize specimen disturbance from pressure differential in the holder. 

This will allow opening specimen holder "A" without losing vacuum or 

Sealing the specimen in the holder can be a problem; however, care in all the following 
procedures minimizes this. 

After the above set up is assembled, molten latex is poured in the cup to a level approxi- 
mately 1/16'' above the top of the brass plug. 
be heated after pouring to facilitate flowing and leveling of the rubber. 
bubble and scorch the seal, making it worthless. 
cup and the brass plug removed. 
appropriate size. 
grease, and replace in specimen holder. 

The cup should be heated before pouring and may 
Too much heat will 

After cooling, seal may be peeled from the 
Cut out hole formed by brass plug with a cork-borer of 

Insert specimen in place of brass plug, coat seal very lightly with stopcock 

One of the steps necessary in determining permeability is to ascertain the volume of the 
specimen holder, so that the volume of gas filling may be subtracted from the total volume flowed 
through the specimen. As long as the atmosphere pressure, ambient temperature, type of specimen 
(size) and seal do not change, a given volume may be assumed for any one series of runs. 

(a) Insert an impermeable plug in the seal and load specimen holder. 

(b) Evacuate system by opening valves 1, 2, 3 ,  4 ,  and 5. Valves 6 and 7 
should be closed. 

( c )  While system is evacuating, slowly bleed helium in the system through valve 7, 
filling the manometer to allow calibration No. (95-100 cc). 

Close valve 5 when 100 micron vacuum is reached and open valve 6. (d) 

(el If mercury level rises, then stops, record new level. If mercury level 
does not stabilize, there is a system leak. 

(f) Close valve 6, open valve 5 and re-evacuate. If repetition of this test 
does not yield widely varied figures, an average value for volume may be 
obtained. All volumes on this apparatus read out directly in cubic centimeters. 

The calculation of permeability is carried out in the following manner. The experimental 
parameters obtained include: 

(1) Sample thickness (L) (cm) 
2 

( 2 )  Sample cross-sectional area (A) (cm ) 

( 3  ) Atmospheric pressure (P ) (atm 1 
( 4 )  Inflow pressure (P ) (atm) 

I 

1 - 
240 
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Calculate 

CHARACTERIZATION AND ANALYSIS OF DEVONIAN SHALES: 
I. PHYSICAL CHARACTERIZATION 

(5) Viscosity of permeating medium ( u )  (poise) 

( 6 )  Amount fluid permeated at a given time (Q) (cm 
3 

(1) Volume per unit area per unit time permeated 

(2) Total inflow pressure 
1 

1 P 1 = P + P  

(3 )  Outflow pressure 
I 

P 2 1  = P - P = P (atmospheric pressure) 

( 4 )  Calculate 

2 P1 + P 
2 

( 5 )  Corrected volume permeated 
- 
Q = z / A = l  t 4  

( 6 )  Calculate 

p1 - p2 
L 

(7) Calculate permeability 

Darcys 
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14 
CHARACTERIZATION AND ANALYSIS OF DEVONIAN SHALES: 

I. PHYSICAL CHARACTERIZATION 

TABLE 2. DENSITY DATA OF C-2 WELL 

Bulk Apparent True Open Closed Total 
Densit.y Density Density Porosity Porosity Porosity 

Sample I D  g/cc g/cc g/cc % % 70 

C-2-2655 
-2710 
-2761 
-3000 
-3025 
-3050 
-3101 
-3303 
-3328 
-3378 
-3428 
-3478 
-3528 
-3896 
-3922 
-3961 
-3971 

2.731 
2.708 
2.705 
2.737 
2.708 
2.716 
2.737 
2.810 
2.821 
2.581 
2.630 
2.757 
2.616 
2.642 
2.575 
2.550 
2.559 

2.770 
2.770 
2.776 
2.757 
2.727 
2.733 
2.755 
2.825 
2.835 
2.589 
2.638 
2.783 
2.625 
2.683 
2.592 
2.559 
2.568 

2.770 
2.805 
2.882 
2.827 
2.653 
2.835 
2.712 
2.841 
2.887 
2.663 
2.677 
2.936 
2.561 
2.745 
2.577 
2.560 
2.702 

1.414 
2.220 
2.565 
0.714 
0.679 
0.643 
0.634 
0.539 
0.496 
0.298 
0.290 
0.946 
0.363 
1.510 
0.664 
0.317 
0.335 

0.664 
1.406 
3.604 
2.799 
0.000 

3.566 
0.000 

1.024 
1.869 
2.766 
1.756 
5.202 
0.000 

2.245 
0.082 
0.383 
4.926 

2.077 
3.626 
6.169 
3.513 
0.679 
4.209 
0.634 
1.563 
2.366 
3.064 
2.046 
6.148 
5.534 
3.755 
0.747 
0.700 
5.261 

EGS-14 
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TABLE 3. DENSITY DATA OF 0-1 WELL 

15 

Bulk Apparent True Open Closed T o t a l  
Density Density Density Poros i ty  Poros i ty  Porosi ty  

Sample I D  g/cc g/cc g /cc  % % 70 

0- 1-2 183 

-2191 

-2220 

-2230 

-2239 

-2251 

-2259 

-2271 

-2281 

-2290 

-2300 

-2310 

-2319 

2.248 

2.403 

2.410 

2.662 

2.422 

2.733 

2.360 

2.462 

2.403 

2.500 

2.605 

2.619 

2.409 

2.262 

2.416 

2.483 

2.676 

2.438 

2.781 

2.372 

2.471 

2.416 

2.511 

2.616 

2.630 

2.420 

2.301 

2.399 

2.497 

2.689 

2.461 

2.665 

2.320 

2.579 

2.492 

2.412 

2.469 

2.659 

2.486 

0.634 

0.549 

0.530 

0.536 

0.617 

1.705 

0.495 

0.358 

0.518 

0.436 

0.425 

0.442 

0.428 

2.214 

0.851 

0.586 

0.929 

0.949 

0.000 

0.000 

4.849 

0.323 

0.000 

0,000 

1.709 

2.666 

2.849 

1.401 

1.116 

1.465 

1.566 

1.705 

0.495 

5.207 

0.841 

0.436 

0.425 

2.151 

3.095 

TABLE 4.  DENSITY DATA OF P-1 WELL 

Bulk Apparent True Open Closed T o t a l  
Density Density Density Poros i ty  Porosi ty  Porosi ty  

Sample I D  g/cc g/cc glee % % % 

P- 1-2495 

-2505 

-25 15 

-2528 

-2536 

-2547 

-2554 

-2565 

-2575 

-2585 

-2595 

2.654 

2.293 

2.447 

2.442 

2.411 

2.368 

2.487 

2.608 

2,543 

2.414 

2.592 

2.796 

2.308 

2.473 

2.455 

2.453 

2.423 

2.528 

2.660 

2.559 

2.429 

2.612 

2.650 

2.338 

2.390 

2.525 

2.337 

2.216 

2.590 

2.488 

2.503 

2.549 

2.657 

~ ~~ 

5.078 

0.636 

1.064 

0.547 

1.674 

2.262 

1.605 

1.930 

0.619 

0.619 

0.770 

~ 

0.000 

2.378 

0.207 

2.747 

0.000 

2.271 

2.462 

0.935 

0.000 

4.585 

4.099 

~~ ~ 

5.078 

3.014 

1.272 

3.294 

9.348 

4.533 

4.067 

2.865 

0.619 

5.204 

4.869 

2 4 4  
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CHARACTERIZATION AND ANALYSIS OF DEVONIAN SHALES: 

I. PHYSICAL CHARACTERIZATION 

TABLE 5 .  DENSITY DATA OF R-109 WELL 

~ 

B u l k  Apparent True Open Closed Tota 1 
Density Density Density Porosity Porosity Porosity 

Sample ID g / c c  g l c c  glee % % x 
R-109-3494 

-3506 

-3516 

-3526 

-3536 

-3545 

-3555 

-3564 

-3575 

-3585 

-3593 

-3605 

-36068 

-3606B 

-3616 

-3626 

-3634 

- 3 644A 

-3644B 

-3665 

-3675 

-3685 

-3695 

-3705 

-3711  

2.747 

2.697 

2.692 

2.611 

2.750 

2.746 

2.698 

2.655 

2.705 

2.651 

2.638 

2.593 

2.550 

2.606 

2.634 

2.743 

2.699 

2.659 

2 .671  

2.722 

2.694 

2.754 

2.583 

2.708 

2.747 

2.793 

2.717 

2.716 

2.680 

2.772 

2.764 

2.726 

2.672 

2 .721  

2.668 

2.653 

2.607 

2.566 

2 .621  

2 . 6 5 1  

2.769 

2.713 

2.693 

2 .683  

2.744 

2.718 

2.782 

2.594 

2.743 

2.788 

2.777 

2.646 

2.707 

2.787 

2.831 

2.964 

2.736 

2.814 

2.636 

2.695 

2.739 

2.584 

2 .541  

2.655 

2.657 

2.824 

2.630 

2.692 

2 .711  

2.689 

2.612 

2.715 

2.703 

2.707 

2.733 

1.669 

0.736 

0.894 

2.524 

0.775 

0.657 

1.035 

0.623 

0.570 

0.650 

0.567 

0 .519  

0 .609  

0.550 

0.649 

0.937 

0.527 

1.260 

0 .423  

0 .790  

0.876 

1.001 

0.403 

1.283 

1.456 

0.374 

0.000 

1.082 

3.807 

2.094 

6.836 

0.627 

5.039 

0.000 

1.005 

3 .121  

0.024 

0.000 

1.495 

1.254 

2.731 

0.000 

0 .371  

1.025 

0.745 

0.000 

0.000 

4.007 

0.000 

0.000 

2 .043  

0.736 

1.976 

6 .331  

2.869 

7 . 4 9 3  

1.662 

5.662 

0 .570  

1.656 

3.688 

0.543 

01609 

2.045 

1.903 

3.668 

0.527 

1.631 

1.448 

1.536 

0.876 

1.001 

4 .409  

1.283 

1.456 

EGS-14 

245 



EGS-14 KALYONCU, COPPINS, HOOIE, & SNYDER 17 

TABLE 6. SURFACE AREA DATA 

Sample ID 

C-1-2755 

C-1-2782 

C-1-2787 

C -  1-2802 

C-1-2837 

C -  1-2842 

C-1-2897 

C-1-2947 

C-  1-2959 

C - 1-2 964 

C- 1-2999 

C-1-3039 

C-1-3085 

C-1-3175 

C-  1- 3 198 

C-1-3218 

C-1-3326 

C-1-3346 

C-1-3593 

C-1-3651 

C-  1-4045 

2.47 

1.08 

1.18 

1 .27  

3.22 

2.75 

1.00 

1 . 2 1  

2.89 

2.08, 

3 .64 

2.02 

4 . 3 1  

2.97 

3.86 

1.04 

1.82 

1.37 

4 .35  

2.89 

4 .59  
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CHARACTERIZATION AND ANALYSIS OF DEVONIAN SHALES: 

I. PHYSICAL CHARACTERIZATION 

TABLE 7, SURFACE AREA DATA 

Sample ID 
Surface  Area 

(m2/g> 

C-338-4882 

C-338-4892 

C-338-4912 
C - 3 3 8 - 4 940 
C-338-4950 
C-338-4960 

C - 338-4 980 
C-338-5232 

C-338-5283 
C -338- 52 93 
C-338-5332 
C-338-5347 

C-338-5357 
C-338-5372 

C-338-5382 
C-338-5434 
C - 338-53 94 
C-338-5447 
C-338-5459 
C-338-5467 

11.94 

8.35 
8.90 
9.42 
5.93 
3.13 
2.23 
3.52 

5.54 . 
5.56 
2.76 

7.18 
11.20 

16.69 
11.90 

3.16 

3.89 
15.76 
18.31 
12.97 

EGS-14 
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TABLE 8. SURFACE AREA DATA 

Sample I D  
S u r f a c e  Area 

(m2/g) 

T-  1-3012 

T- 1-3022 

T- 1-3043 

T-1-3051 

T- 1-3056 

T- 1-3063 

T-1-3067B 

T- 1-3074 

T- 1-3080 

T- 1-3080B 

T- 1-3086 

T- 1-3094B 

T- 1-3099 

T- 1-3106B 

8.414 

2.364 

3.60 

7.85 

7 .21  

8.67 

1.35 

5.37 

3.48 

7.29 

10.11 

7.97 

3.32 

2.12 

19 
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CHARACTERIZATION AND ANALYSIS OF DEVONIAN SHALES: 

I. PHYSICAL CHARACTERIZATION EGS-14 
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CHARACTERIZATION AND ANALYSIS OF DEVONIAN SHALES: 

I. PHYSICAL CHARACTERIZATION 
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CHARACTERIZATION AND ANALYSIS OF DEVONIAN SHALES: 

I. PHYSICAL CHARACTERIZATION 
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CHARACTERIZATION AND ANALYSIS OF DEVONIAN SHALES: 

I. PHYSICAL CHARACTERIZATION EGS-14 

!5 

Outgassing Temperature,C 

FIGURE 7. EFFECT OF OUTGASSING TEMPERATURES ON THE MEASURED 
SURFACE AREA VALUES OF TWO SHALE SAMPLES 
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CHARACTERIZATION AND ANALYSIS OF DEVONIAN SHALES: 

I. PHYSICAL CHARACTERIZATION 
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NEW DATA FOR URANIUM, THORIUM, CARBON, AND SULFUR IN  

DEVONIAN BLACK SHALE, FROM HEST VIRGINIA, KENTUCKY, AND NEW YORK* 

OEL s, LE ENTHAL 
~ R T I N  B n F OLDHABER 
Branch of Uranium and Thorium Resources 
U.S. Geological Survey, Denver, CO 80225 

ABSTRACT 

Data are presented for uranium, thorium, organic carbon and sulfur in Devonian Black Shale. 
This range in part reflects regional trends, but within a Uranium varies between 1.5 to 38 ppm. 

given core, values from 1.5 to 15.8 ppm, (Cattaraugus County, New York); 3.2 to 38 ppm, (Perry County, 
Kentucky); 3 . 4  to 36.6 ppm, (Lincoln County, West Virginia); 3 . 4  to 21 ppm, (Jackson County, West 
Virginia) were noted. Some large concentration changes over short ('~1 ft.) depth intervals were 
documented. 

Thorium is much less variable than uranium with a mean value of 15 ppm, near the mean value of 
12 ppm previously reported for more typical marine shale. 
higher than the average values quoted for shales of 3.7 ppm for uranium and 2.1 percent for carbon. 

Both uranium and carbon are generally 

Uranium is positively correlated with organic carbon and total sulfur. 
sulfur, and uranium with depth for Perry County, Kentucky, and Jackson County, West Virginia, in 
particular show a very good correspondence between uranium and carbon. In the Perry County core 
the uranium and sulfur relationship is not as closely correlated in the upper part of the shale, but 
becomes so, in the lower portion. 

The plots of the carbon, 

Introduction 

As part of the Energy Research and Development Administration's Eastern Gas Shales effort, the 
U.S.  Geological Survey, Branch of Uranium and Thorium Resources has undertaken a program to provide 
geochemical data on uranium and trace elements in Devonian Black Shale. In this initial report, 
data obtained from four shale cores are used to: 

(1) Present coaparitive results on several analytical techniques for uranium and thorium 
determination 

(2) Present data showing the depth variability of uranium within black shale sequences on a 
range of depth scales of from one inch to several hundred feet 

( 3 )  Present data on the interrelationships among carbon, sulfur, uranium, and thorium in these 
shales. 

Subsequent reports will deal with work now in progress on: 

(1) Fission track maps and distribution of uranium 

*Preliminary version, not edited or reviewed to conform with U.S. Geological Survey standards and 
nomenclature. 
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(2 )  Carbon and sulfur isotopes 

(3) Trace elements as related to carbon and sulfur 

( 4 )  

(5) Microprobe studies 

Types of organic material and relation to uranium 

(6) Assessment of quantities (geographic and geologic distribution and amount) of uranium and 
trace elements of economic or environmental interest. 

Geologic setting. Organic rich shale deposited in widespread seas west of and marginal to the 
Appalachian geosyncline in Devonian time is present in the Appalachian, Illinois, and Michigan 
basins (Conant and Swanson, 1961). The names applied to this shale include: Chattanooga Shale, 
New Albany Shale, Ohio Shale, Antrim Shale, and Geneseo Shale (see fig. 1). The shale varies in 
thickness from 20 feet in Tennessee to more than 200 feet in Ohio. It is exposed at the surface in 
portions of Tennessee, Ohio, and Kentucky and presently is buried up to 5000 feet deep in Virginia 
and 1500 feet in New York. 

These shales are gray to black in appearance with the darker colors frequently corresponding 
to higher organic carbon content. This darkening, however, does not continue in the range of the 
highest organic carbon contents (> 6%C). 
in diameter, as thin lenses, small euhedral crystals as well as microscopic forms (framboids and 
single crystals). Marcasite has also been locally noted. 'Fine layers of chert(?), carbonate, and 
organic-matter deficient sand and silt have been described. Phosphate is present at the top of the 
shale as nodules. 

Pyrite is conspicuously present as nodules up to 2 inches 

The stratigraphy of upper Devonian shales has been intensively studied in Tennessee (Conant and 
Swanson, 1961) and in Ohio (Hoover, 1960; Lewis and Schwietering, 1971). Recent work by Provo (1977) 
and Provo, Kepferle, and Potter, (1977) has been directed towards correlation of the Kentucky and 
West Virginia black shales into the known stratigraphy of Ohio Shale in Ohio and Chattanooga Shale 
of Tennessee. 
this new stratigraphic framework. The Perry County core section is equivalent to the complete 
Chattanooga Shale, showing the three (3) units of the Gassaway member and the two (2) units of the 
Dowelltown member as follows (see results for sample depths). 

Of cores discussed in this report, only the Perry County, Kentucky core falls within 

Sample No. Ohio Shale Chattanooga Shale 
equivalent equivalent 

1-5 
6-7 
8-9 
10- 13 
14-18 
19-21 

Cleveland Shale u Gassaway 
Three Lick Bed m Gassaway 
u Huron Shale 1 Gassaway 
m Huron Shale u Dowelltown 
1 Huron Shale 1 Dowelltown 
Olentangy Shale ____---__--- 

Analytical Techniques 

Uranium and thorium were analyzed by the delayed neutron technique (Amiel, 1962; Millard, 19761, 
at the U.S. Geological Survey by Hugh Millard, and co-workers. A subset of these samples was 
analyzed fOK uranium and thorium by Dr. William Blackburn at the University of Kentucky by the y-ray 
spectrometry method, (Adams, Richardson and Templeton, 1958) for comparison with delayed neutron 
determinations. Additional samples provided by Dr. A. Barry Maynard, were analyzed for uranium by 
fluorimetry at Energy Research and Development Administration, Grand Junction, Colorado and for 
uranium by delayed neutrons, at the U.S. Geological Survey, Denver. 

Carbon was determined by the wet oxidation technique (Allison, 1965), at Rhinehart Laboratories, 
Arvada, Colorado, or by Leco induction furnace combustion by the U.S. Geological Survey, Branch of 
Oil and Gas Resources. 
was measured by U.S. Geological Survey laboratories. 

Ash content used to estimate a weight loss upon combustion (WLOC) at -550'C 

Sulfur was determined by the Leco induction furnace technique by Van Shaw at the U.S. Geological 
Survey, Denver. 
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Analytical precision. Analyses were made on duplicate samples to check reproducibility of the 
delayed neutron technique for thorium and uranium determination. Three samples were crushed and 
split, using a.:sample splitter into two separate aliquots each for analysis. Analyses were performed 
concurrently (table 1). 
difference of t8% between samples. The uranium reproducibility is considerably better and ranges 
from 1% tQ 5% with the mean at ~ 2 2 % .  

The thorium difference between splits ranges from ~ 9 %  to ~ 3 0 %  with a mean 

Eleven pairs of samples were analyzed at the same time (table 2). These samples were not split 
in a splitter, but the 10 gram samples of rock powder and chips ( k  inch) were taken from the same 
core depth. These results show uranium variations between splits generally in the range of +3%, 
which is the same ac.the quoted analytical precision from courrting statistics. 
show poorer agreement, generally in the range of ?lo%. 

The thorium results 

Nineteen additional pairs of split samples were analyzed (table 3). These represent 10 gram 
portions from the same piece of core (but not homogenized splits). The analyses were performed at 
two different times. The results listed first for each pair represent samples analyzed in one 
group, and the second number corresponds to a second group of analyses. 

The difference between one sample group and the other follows no systematic pattern. The 
thorium reproducibility within pairs is from 5% to 100%; most values in the ?15-20% range. The 
uranium difference is 0-20%, (one sample 30%) most falling into the k3-5% range. Some portion of 
the imprecision with this suite may simply reflect minor sample heterogeneity. 

The samples showing poor agreement in thorium values between splits generally occur when the 
thoriumfuranium ratio is 1.10 or less (indicated by a 4 in table 3). 
masking the small thorium signal (H. Millard, oral communication, 1977). This effect will be 
further discussed below. 

This is due to the uranium 

Intercomparison of analytical techniques. There are several research groups measuring uranium 
(and thorium) in the black shales by different techniques. In order to better compare results, it 
is advantageous to intercalibrate among these techniques. The comparison with fluorimetry is 
especially significant as earlier work in the 1950 's  by the U.S. Geological Survey and others was 
done primarily by fluorimetry, whereas presently the delayed neutron technique is used by the U.S. 
Geological Survey. A suite of ten samples was analyzed for uranium by fluorimetry (ERDA, Grand 
Junction, Colorado) and delayed neutron counting (U.S. Geological Survey, Denver, Colorado) 
(table 4 ) .  The agreement is generally within 210%; which we consider satisfactory. 

Some analyses by y-ray spectrometry for both thorium and uranium were made at the University of 
Kentucky, Department of Geology by Dr. William Blackburn. The results are compared with delayed 
neutron determination (table 5 ) .  The agreement for uranium is again generally within t10%. In 
the case of thorium, however, there are serious discrepancies: U.S. Geological Survey sample nos. 
17, 11, ' 6 ,  and 2 are the only ones falling within 520% of the y-ray data; sample nos. 16, 13, and 9 
are greater than 50% different, with the remaining samples falling within 20-50% range. 
resulting thoriumfuranium values, therefore, show poor agreement between the two techniques. It has 
been suggested that the preferred analytical technique for uranium is delayed neutrons (Stuckless 
and ethers, 1977). 
satisfactory. 

The 

In these sets of samples, however, both fluorimetry and y-ray spectrometry are 

Problems arise in the delayed neutron analysis of thorium when the thoriumfuranium value is 
less than 1 as noted above. 
near 3 and delayed neutron technique supplies adequate data although the y-ray technique is superior. 

Most rocks, other than uranium ores, have the thoriumfuranium values 

Results and discussion 

Analytical determinations of uranium, thorium, (and for selected samples) organic carbon, weight 
loss on combustion, and sulfur were made on samples of black shale from four localities. These 
results are presented below. 

Perry County, Kentucky. The analytical data for Perry County (Kentucky core well no. 7239) are 
summarized in table 6. The 21 samples were taken at as close to 20 foot intervals as permitted by 
available core material. Uranium content varies widely from 3.2 to 38 ppm whereas thorium shows a 
more restricted range of from 11 to 22 ppm with a majority of results falling in the range of 14 f 
3 ppm. Furthermore, a number of data points at the extreme low and high end are just those which 
are subject to a large thorium uncertainty. The thoriumfuranium ratio is dominantly influenced by 
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the uranium variation. 
The sulfur content ranges from 0.08% to 6.36% with a mean of 2.3%. 

4 KENTUCKY, AND NEW YORK EGS- 15 

Organic carbon results fall between 0.2 to 12.9%, with a mean value of 4.3%. 

Figure 2 shows the uranium,. carbon, sulfur, thorium, and thorium/uranium data for the Perry 
County core plotted versus depth. 
the core, whereas for uranium and sulfur the positive relationship is well developed only below 
2570 feet. The thorium data remain relatively constant, although the thorium/uranium varies 
considerably due to changes in uranium. Low organic carbon and high thorium/uranium values may 
serve as geochemical indicators of  lithologies other than black shale such as the Three Lick Bed 
(sample 6) and the Olentangy Shale (samples 19-21). 

It can clearly be seen that uranium and carbon covary throughout 

Jackson County, West Virginia. Analyses for uranium, thorium, and carbon are summarized in 
table 7 and figure 3 for samples from Jackson County, West Virginia (Cottageville well 12041). 
Thorium values range from 12.0 to 19.0 ppm with only one sample outside the range 15 f 3 ppm. 
Uranium content varies from 3.4 to 21 ppm, and carbon from 0.1 to 5.6%. Figure 3 shows the carbon, 
uranium, and thorium/uranium variations with depth. A s  with Perry County, the carbon and uranium 
are strongly correlated. Sulfur and (WLOC) data are given separately in table 8. 

Lincoln County, West Virginia. Uranium, thorium and thorium/uranium ratio determinations are 
given for Lincoln County, West Virginia (well 20402) in table 9. The data represent three 
discontinuous shale intervals. Data for WLOC and sulfur are presented in table 8. 

Cattaraugus County, New York. The results of uranium, thorium, and thorium/uranium 
determinations for the Cattaraugus County, New York core (West Valley NX-1, well 31-009-06740) are 
summarized in table 10. The data for organic carbon, WLOC and percent sulfur are given in table 11. 
This core is not all of upper Devonian age. A report by W. de Laguna (1972) describes the core; 
work in progress by Art Van Tyne (N.Y. State Geological Survey) and Wallace de Witt (U.S. Geological 
Survey) will help in assigning stratigraphic relations since the core probably represents more than 
only upper Devonian age rocks. 
to 1520 feet (de Laguna, 1972). 

The black shale units are in the depth intervals 920-958 and 1313 

Variability of uranium content over short depth intervals. To better understand the details of 
the uranium distrfbution, a sufficient number of samples must be analyzed to discern variations 
both stratigraphically and regionally. Early work by Swanson and Kehn (1955) reported "uniform" 
uranium (70-90 ppm) in forty-seven vertically spaced (314 to 2 112 inch intervals), samples from 
the upper Gassaway member of the Chattanooga Shale. 
content in samples taken over a geographic distance of approximately 1 mile. Kehn, (1955) reported 
a range of 6 to 110 ppm uranium for the Chattanooga Shale, the former value from the organically 
poor upper Dowelltown member, and the latter from the upper Gassaway member. 
contains averages of 50-68 ppm uranium for forty-nine cores and the upper Gassaway unit shows even 
higher averages of 60-90 ppm uranium. 

These authors also reported a similar uranium 

The Gassaway member 

From the standpoint of resource evaluation, these data are probably satisfactory for central 
Tennessee (Mutschler and others, 1976). However, modern instrumental methods are capable of much 
better 
uranium determinations in the early 1950's. 

precision than the 70-90 ppm which was considered "uniform" due to k 10 ppm error in the 

In order to examine the question of short range uranium variability we have analyzed two types 
of samples; those which contain obvious short range color or textural changes, and those which appear 
visually homogeneous. Samples from the Cattaraugus County, New York, core were analyzed based upon 
the first of these criteria. The results (table 12) show that in general the uranium content changes 
markedly with observable lithologic transitions, as expected. The samples (table 12), that were the 
darker color showed higher uranium content. 
samples were noted. These larger changes typically were associated with striking color transitions. 

Variations of up to a factor of 2 between adjacent 

The results for short sampling intervals in more homogeneous appearing core, intervals are 
contained in tables 13-16. 

Several groups of samples from the West Virginia cores were taken over intervals of approxi- 
Table 13 gives Jackson County, West Virginia data for two such intervals spanning mately 1 foot. 

3514-15 feet and 3232-33 feet. The results in table 13 show uranium values of 10.2 to 20.4 ppm; 
however, only two samples (containing 10.2 and 12.1 ppm) are far from the general range observed 
with this sample suite of 16.6 to 20.4 ppm. The latter interval shows a jump from 11.8 to 6.3 ppm 
and then a gradual trend to 4.3 ppm. 
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Tables  1 4 ,  1 5 ,  and 1 6  show s i m i l a r  s u i t e s  of samples from Lincoln  County. The samples beginning  
a t  a dep th  of 3001 f e e t  ( t a b l e  1 4 )  show a t r e n d  of d e c r e a s i n g  uranium from 8 .9  t o  4.4 ppm over  a 
dep th  i n t e r v a l  of one f o o t .  A t r e n d  of i r r e g u l a r l y  i n c r e a s i n g  uranium (from 5 .2  t o  8 . 3  ppm) wi th  
dep th  is  sugges ted  by r e s u l t s  i n  t a b l e  15. Table 1 6  s i m i l a r l y  shows s y s t e m a t i c  t r e n d s  w i t h  dep th .  
E s p e c i a l l y  i n t e r e s t i n g  are samples L-3956, and L-3965. These i n d i v i d u a l  s a m p l e s  are s e v e r a l  f e e t  
above o r  below t h e  3961-3962 f o o t  s u i t e  of c l o s e l y  spaced samples and show uranium v a l u e s  d i f f e r e n t  
by a f a c t o r  of 2 from t h e  3 9 6 1 - s u i t e .  

Uranium and carbon r e l a t i o n s h i p .  A number of p rev ious  i n v e s t i g a t o r s  have s t r e s s e d  t h a t  a 
p o s i t i v e  c o r r e l a t i o n  e x i s t s  between uranium and o r g a n i c  carbon c o n t e n t  (Swanson, 1960 and 1961; 

I 

Breger and Brown, 1963).  A s  p r e v i o u s l y  d i s c u s s e d ,  our  d a t a  l i k e w i s e  e x h i b i t  such  a p o s i t i v e  
c o r r e l a t i o n  ( f i g s .  4 ,  5 ,  6 ,  and 7 ) .  [Weight l o s s  on combustion, WLOC, ( equa l  t o  100% -% ash )  i s  
c l o s e l y  r e l a t e d  t o  o rgan ic  carbon ( f i g .  8 ) ,  and t h e r e f o r e ,  WLOC i s  a l s o  n e c e s s a r i l y  c o r r e l a t e d  w i t h  
uranium ( f i g s  9 and 1 0 ) .  Only P e r r y  County samples were ana lyzed  f o r  bo th  o r g a n i c  carbon 4 WLOC 
( f i g .  8) f o r  samples i n  t h e  o t h e r  c o r e s  e i t h e r  WLOC o r  o r g a n i c  carbon were measured b u t  no t  b o t h . ]  

We have f i t  a l i n e a r  least  squa res  r e g r e s s i o n  equa t ion  t o  ou r  uranium-carbon d a t a  acco rd ing  t o  
t h e  r e l a t i o n s h i p ,  y=mx+b, where; x=carbon pe rcen tage ,  m=slope, y=uranium i n  pprn and b i s  t h e  i n t e r -  
c e p t  (U v a l u e  a t  ze ro  C). 
l i n e  ( p e r f e c t  f i t = l ) .  A l i n e a r  carbon-uranium dependance as opposed t o  some o t h e r  fo rmula t ion ,  
w a s  chosen on t h e  b a s i s  of  v i s u a l  i n s p e c t i o n  of t h e  p l o t t e d  d a t a .  

The q u a n t i t y  r2  i s  a measure of goodness of f i t  of t h e  d a t a  t o  a s t r a i g h t  

Whole c o r e  

b - 
P e r r y  County, Kentucky -6.2 

Ca t t a raugus  County, New York 2 .5  
Jackson County, West V i r g i n i a  3 .1  

r 2  - m - 
5.0  0.44 
3.2 0.84 
3.2 0.76 

- Close ly  spaced i n t e r v a l s  

Jackson County, West V i r g i n i a  2.2 5 .O 0.93 
Lincoln  County, West V i r g i n i a  2.0 4.0 0.92 

Values f o r  Jackson and Lincoln  Count ies ,  West V i r g i n i a  f o r  c l o s e l y  spaced samples were t aken  
t o  emphasize s h o r t  range  uranium v a r i a t i o n  and t h e r e f o r e ,  do no t  n e c e s s a r i l y  r e f l e c t  t h e  e n t i r e  c o r e .  
The h igh  r2  v a l u e  f o r  t h e s e  a n a l y s e s  4s probably  due t o  t h i s  cho ice  of samples and i l l u s t r a t e s  t h e  
ex t remely  c l o s e  c o r r e l a t i o n  of uranium and carbon i n  a more l i m i t e d  f a c i e s  of t h e  b l a c k  s h a l e .  

Another t ype  of c o r r e l a t i o n  w a s  shown i n  f i g u r e s  2 and 3 of t h e  P e r r y  County, and Jackson 
County, where t h e  d a t a  i s  d i sp layed  w i t h  depth .  
carbon down t h e  c o r e  i s  s t r i k i n g .  The two sets of d a t a  show t h e  r e l a t i o n s h i p  where a change of one 
pe rcen t  i n  o r g a n i c  carbon cor responds  t o  a change of approximate ly  5 ppm i n  uranium. 

Here t h e  cova r i ance  of t h e  uranium and o r g a n i c  

Our d a t a  on s h o r t  range  v a r i a t i o n s  seems t o  add complexi ty  t o  the uranium v s .  carbon r e l a t i o n -  
s h i p .  The p a i r s  (and groups) of samples from New York showed marked v a r i a t i o n  when t h e r e  were 
l i t h o l o g y  changes ( t a b l e  1 2 ) ,  and t h e  uranium c o n t e n t s  d i d  covary w i t h  t h e  o rgan ic  carbon ( t a b l e  1 1 ) .  
The New York samples were r a t h e r  low i n  uranium con ten t  ( a l l  b u t  t h r e e  less than  8 ppm) and o rgan ic  
carbon. 

On t h e  o t h e r  hand, some samples i n  t h e  West V i r g i n i a  c o r e s  showed marked changes i n  uranium 
when no v i s i b l e  change i n  t h e  sample l i t h o l o g y  was obvious ,  bu t  t h e  o rgan ic  carbon measurement a g a i n  
g e n e r a l l y  c o r r e l a t e d  w i t h  t h e  uranium change. 
5-10 ppm and 15-20 ppm uranium. 

These e f f e c t s  were t r u e  f o r  samples i n  t h e  range  of 

A h ighe r  v a l u e  of m ( s lope )  i n d i c a t e s  more uranium incorpora t ed  f o r  t h e  same amount of carbon.  
Fu r the r  work Thus P e r r y  County, Kentucky has  a h ighe r  uranium/carbon r a t i o  than  t h e  New York c o r e .  

( i n  p rogres s )  w i l l  cons ide r  t h e s e  uranium/carbon r a t i o s  f o r  o t h e r  upper Devonian s h a l e s  a s  w e l l  as 
modern environments t o  unders tand  whether t h i s  r a t i o  i s  dependent on d i s t a n c e  from o r  type  of sou rce  
of uranium, type  of o rgan ic  matter,  d i a g e n e s i s  o r  o t h e r  v a r i a b l e s ,  such  a s  s u l f u r .  

The carbon and s u l f u r  d a t a  f o r  P e r r y  County are p l o t t e d  i n  f i g u r e  11. 
p r e v i o u s l 9 ,  t h e s e  e lements  are r e l a t e d  f o r  many samples.  
West V i r g i n i a  and New York samples are p l o t t e d  i n  f i g u r e s  12  and 13 .  

A s  po in t ed  ou t  
The s u l f u r  v s  uranium d a t a  f o r  t h e  Kentucky 
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It appears that the concentration of uranium is related to both the organic carbon and sulfur 
contents. 

Thorium content of black shales. Brown (1975) reports results of work up to 1962 which includes 
data on thorium in the Chattanooga Shale from east central Tennessee. The range for the Gassaway 
member is 6.8 to 11.0 ppm thorium and the weighted average of 24 analyses was 8.6 ppm. 
Dowelltown member, the thorium range was higher (9.5 to 12.5 ppm) and the weighted average of 18 
analyses was 10.7 ppm. 

For the 

Our measurements of thorium show much less variability than uranium both within and between 
cores. The mean value for thorium in all our samples is 15.2 ppm which is not far from the 12 ppm 
reported (Turekian and Wedepohl, 1961) as average for shales. The thorium/uranium ratio varies 
considerably in our sample from 0.4 t o  5.3. Generally the higher values are not black shale facies 
such as the Three Lick Bed in Perry County, or the green or gray shale in the hpper portion of the 
New York core. Figure 14 shows that the thoriumluranium ratio was related to the organic carbon. 
These observations seem to confirm the earlier suggestions of Adams and Weaver (1958). 
this relationship is really only a result of the uranium variation, since the thorium is relatively 
constant. 

However, 

In view of the relative constancy of the thorium data, the large variations in thorium/uranium 
ratio reflect mainly the effect of uranium variations. These data are plotted, versus organic 
carbon in figure 14 and illustrate the systematic decrease in thorium/uranium ratio with increasing 
carbon (and therefore uranium) content. Thorium/uranium ratios have been used as indicators of 
sedimentary processes (Adams and Weaver, 1958). They used gamma-ray spectrometry to determine 
thorium and uranium contents of sedimentary rocks. .Thorium/uranium ratios range from 0.02 to 21, 
when the uranium ranges from 0.1 to 250 ppm and the thorium from 0.1 to 132 ppm. Ratios in oxidized 
continental deposits are generally above seven, whereas marine deposits usually have ratios below 
seven. In earlier work, Koczy (1949) and Hurley (1956) have suggested that the thoriumluranium 
ratio should decrease as the distance from shore increased. 

The restricted data for 18 black shales (Adams and Weaver, 1958) gives U=1.4-80 ppm (mean 10.5 
pprn) , Th=1.6-28 ppm (mean 13.4 ppm) and Th/U=12.0-0.07 (mean 1.28). Results from analysis of 52 
green and gray shales show 1.1-12 ppm uranium (mean 3.2 ppm U), 0.2-47 ppm thorium (mean 13.1 pprn Th) 
with thorium/uranium values from 11 to 0.7 with a mean of 4.9. Thus .the black shales do show a 
lower thoriumluranium ratio which is due to enrichment in uranium. 
varies much less than the uranium content. The uranium and thorium values depend on variable 
uranium contents which are controlled by the selective leaching from o r  enrichment into the rocks. 
The black shales show the enrichment of uranium to a greater degree than the green and gray shales 
probably as a result of the increased levels of organic matter. 

Summary 

The thorium content of shales 

Uranium, thorium, carbon and sulfur have been measured in cores of Devonian Black Shale from 
New York, West Virginia, and Kentucky. The average values for the entire cores are generally in 
the range of 10-20 ppm and 2-5 percent respectively, however, the Kentucky values are somewhat 
higher and the New York values lower. These values are less than half of the.uranium and carbon 
concentrations reported for central Tennessee. These data seem to indicate lower uranium as one 
gets farther from Tennessee. 

The covariance of uranium and carbon is observed for all samples, but the uranium to carbon 
ratio is not constant. Short range variations in uranium content over one foot intervals are 
observed. Both of the above observations indicate that our knowledge of the relationship betpeen 
uranium and its source and the various types of organic matter and other reductants is incomplete. 
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black shale Figure 1. Map showing regional distribution of Upper Devonian 
in eastern U . S ,  [after Conant and Swanson (1961) and Provo, 
Potter and Kepferle (1977)l 
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Figure 2. Chemical data (U, C, S, Th) f o r  Perry County, Kentucky, core 
showing v a r i a t i o n  w i t h  depth. 
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JACKSON COUNTY, WEST VIRGINIA 

F igu re  3.  Chemical data (U, C, Th/U) f o r  Jackson County, West  V i r g i n i a ,  
co re  showing v a r i a t i o n  w i t h  depth. 
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270 



EGS- 15 LEVENTHAL & GOLDHABER 13 

Figure 5. Jackson Count.y, West V i r g i n i a ,  % C 2 ppm U, numbers a r e  depths. 
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Figure 7. Cattaraugus County (West Valley) New York, % C !IS- ppm U., numbers 
r e f e r  t o  samples on tab les  10 & 11. 
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Figure 13. West Virginia and New York data for % S vs ppm U. - 
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Table 1. Results of U and Th analyses o f  3 pa i rs  o f  s p l i t s  o f  black shale 

samples . 
Sample Th PPm U!? Th/U 

C-3483 13.4 3.75 3.58 

C-3489 10.5 3.83 2.75 

C- 3625 16.20 13.12 

C 3690 15.03 13.04 

NY - 9 14.43 8.47 

NY- 99 12.83 8.22 

1.24 

1.15 

1.70 

1.56 
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Table 2. Resu l ts  of U and Th a n a l y s i s  o f  d u p l i c a t e  p o r t i o n s  o f  11 samples 

analyzed a t  t h e  same t ime. 

~ ~ ~ ~~ ~~~ ~ 

Sample Depth, ft. Th , ppm U,ppm Th/U 

Ny- 1 a 818 16.1 4.8 3.3 
l b  818 16.5 4.9 3.4 

2 Fa 797 12.9 5.8 2.2 
2Fb 797 14.4 5.6 2.6 

8a 1344 13.8 3.4 4.1 
8b 1344 12.4 3.6 3.5 

9a 1498 7.9 6.5 1.2 
9b 1498 12.4 6.3 2.0 

40a 1328 15.9 3.6 4.4 
40b 1328 16.1 3.7 4.4 

4 3a 686 14.7 7.7 1.9 
43b 686 11.7 7.9 1.5 

46a 313 18.5 3.8 4.9 
46b 313 16.8 4.0 4.2 

12a 72 1 15.1 5.9 2.6 
12b 72 1 15.6 6.3 2.5 

13a 1222 14.1 8.5 1.7 
13b 1222 12.9 8.6 1.5 

17a 1442 14.0 6.6 2 .1  
17b 1442 13.5 6.6 2.0 

18Fa 1407 16.4 7.6 2.1 
18Fb 1407 16.2 7.7 2.1 
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Table 3. Results of U and Th analys is  o f  dupl icate por t ions o f  19 samples 

analyzed a t  d i f f e r e n t  times. 

Sample 

NY -41 
-41 

NY -44 
-44 

NY-48F 
-48F 

NY-16L 
-16L 

NY-18 
-1 8 

NY -1 9 
-1 9 

NY-20 
-20 

NY -2OF 
-2OF 

NY-17F 
-1 7F 

NY -1 5F 
-1 5F 

NY -3F 
-3F 

NY-3 
-3 

NY-4F 
-4F 

NY-5F 
-5F 

NY -7 
NY-7-2 

NY-1OF 
-1 OF 

NY-11F 
- l l F  

NY -1 4F 
-14F 

NY-15 
-1 5 

Th ppm 

15.7 
14.8 

13.7 
10.2 

19.6 
13.6 

3.2 
4.2 

16.7 
20.1 

19.5 
11.1 

12.8 
15.0 

18.1 
V 13.8 

16.9 
16.2 

13.2 
13.9 

I/ 15.9 
22.3 

13.3 
16.6 

17.0 
15.1 

14.5 
16.0 

15.4 
10.5 

18.1 
V 10.8 

13.9 
11.6 

15.7 
/ 8.3 

13.2 
11.3 

La!!!! 
6.4 
7.4 

3.3 
3.5 

11.4 
12.5 

1 .o 
1.5 

4.2 
3.7 

4.4 
4.3 

9.4 
9.0 

12.0 
12.6 

14.8 
13.7 

13.1 
14.7 

16.0 
15.8 

6.4 
8.0 

10.5 
9.2 

10.3 
9.8 

7.4 
6.0 

10.5 
11.2 

4.2 
4.3 

12.3 
12.3 

5.3 
5.8 
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Th/U 
2.44 
2.0 

4.15 
2.89 

1.72 
1.09 

3.2 
2.78 

3.98 
5.44 

4.41 
2.61 

1.36 
1.66 

1.51 
1.10 

1.15 
1.18 

1.01 
0.94 

1.01 
1.39 

2.08 
2.09 

1.62 
1.64 

1.40 
1.63 

2.08 
1.75 

1.73 
0.97 

3.26 
2.68 

1.28 
0.67 

2.52 
1.96 

25 
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Table 4. Comparison of uranium determinations by delayed neutrons and 

fluorimetry on 10 samples. 

Perry County 
Depth Delayed Neutrons F1 uorimetry 

2380 

241 3 

2449 

2547 

2601 

261 2 

2664 

2674 

2691 

2705 

20.0 

20.7 

7.1 

8.9 

37.5 

33.5 

44.5 

13.5 

12.0 

48 

20 

25 

6 

6 

38 

30 

38 

13 

10 

4 

Delayed neutrons by USGS, Denver 

Fluorimetry by Bendix Field €Kjnif,  ERDA,  Grand Junction 
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Table 5. Comparison o f  y - ray  spectromety and delayed neut ron  a n a l y s i s  of  

18 samples f o r  uranium and thor ium. 

USGS 
Sample 

PPm P Pm 
Th Th U U Th/U Th/U u KY 

Sampl e no. 
BSB-XX-76 & dn Y S  dn Y S  dn #BB-XX 

- 3- 

16 

19 

21 

22 

23 

61 

26 

31 

33 

34 

35 

40 

46 

49 

53 

56 

60 

7.0 

9.0 

9.3 

15.1 

14.2 

10.2 

17.2 

8.0 

8.6 

8.4 

9.4 

8 .0  

9.7 

9.4 

13.5 

7.6 

23.0 

18.2 

11 

14 

17 

13 

29 

18 

23 

19 

17 

10 

15 

17 

13 

11 

23 

15 

21 

24 

15.7 

24.0 

23.7 

31.7 

68.2 

46.9 

56.2 

19.0 

24.7 

32.8 

46.6 

44.5 

14.3 

19.3 

21.8 

28.1 

50.9 

39.9 

15.8 

28.0 

23.5 

31.8 

69.5 

51.4 

59.7 

23.0 

28.5 

40.9" 

50.9 

47.9 

14.9 

14.3" 

23.8 

23.5 

45.2 

43.9 

0.45 0.73 

0.38 0.51 

0.39 0.71 

0.48 0.41 

0.21 0.41 

0.22 0.35 

0.31 0.39 

0.42 0.83 

0.35 0.59 

0.26 0.23 

0.20 0.30 

0.18 0.35 

0.68 0.85 

0.49 0.76 

0.752 0.97 

0.27 0.64 

0.45 0.46 

0.46 0.55 

-20 

19 

18 

17 

16 

15 

14 

13 

12 

11 

10 

9 

7 

6 

5 

4 

2 

1 

T s  = gamma r a y  spectrometry,  U.KY 

dn = delayed neutrons, USGS 

* = o u t s i d e  l i m i t s  o f  510% f o r  each on U, 
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Table 6. Resul ts  of U ,  Thy organic  C and S analyses  for Perry County, 

Kentucky core. 

Dept&’ Sampl &’ U- 31 T@ Th 51 % Carbon Organic % S  
/U ( f t .  1 No. ( P P d  (PW) 

2371 . l  

2383.6 

2393.1 

2410.4 

2431.7 

2449.0 

2456.0 

2471 .2  

2491 .O 

2513.2 

2531.1 

2553.2 

2572.2 

2589.5 

2605.4 

2617.2 

2629.8 

2648 

2670 

2689.9 

2706.0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10  

11 

12 

1 3  

14 

15 

16 

17 

18 

19 

20 

21 

24 

20 

1 5  

27 

11 

3.2 

20 

25 

12 

14 

11 

11 

12 

1 9  

38 

32 

5.4 

36 

3.5 

4.0 

4.5 

0.87 

(0.70) 

(0.76) 

(0.48) 

1 .33 

4.24 

0.84 

(0.44) 

1.15 

0.84 

1.03 

1.34 

1.03 

0.93 

(0.50) 

(0.61) 

2.34 

(0.60) 

4.17 

4.15 

3.44 

12.9 

8.6 

4.6 

8.5 

2.6 

0.4 

4.6 

4.3 

3.6 

( 1.7)  

4.4 

3.0 

2.6 

3.7 

6.8 

5.8 

0.7 

7.1 

0.4 

0.2 

0.2 

l’Depth from co re  boxes, interval  o f  sample i s  ‘0.6 f t .  

/Used on f i g u r e s  

/Rounded o f f  t o  nea res t  whole number, unless l e s s  than 10 ppm 

?’( ) i n d i c a t e s  a s  much a s  250% e r r o r  

1.52 

1.20 

5.31 

1.44 

1.75 

1.78 

2.41 

2.71 

3.88 

2.07 

2.54 

2.85 

3.17 

6.36 

2.92 

0.32 

2.74 

0.49 

0.08 

0.11 
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Table 7. Results o f  U, Th, and organic carbon analysis f o r  Jackson County, 

West Virginia core. 

Th U Th/u Depth % C 
( F t * )  Organic Ppn Ppm 

C-3220 

3232 

3233 

3249 

3254 

3269 

3292 

3293 

331 2 

3332 

3359 

3378 

341 8 

3462 

3483 

351 4 

3527 

3550 

3573 

3605 

3625 

3640 

3642 

3660 

3685 

3.0 

2.7 

1.0 

4.1 

1.8 

1.1 

0.9 

3.2 

0.3 

3.8 

2.6 

0.4 

0.1 

2.5 

0.2 

3.7 

1.3 

0.3 

3.9 

0.7 

3.5 

5.6 

0.4 

0.2 

1.2 

13.9 

15.5 

13.7 

15.1 

17.0 

12.9 

19.0 

17.0 

17.4 

13.9 

15.8 

17.4 

17.6 

16.1 

12.0 

(13.6) 

14.7 

15.2 

(15.0) 

17.7 

16.5 

(16.0 1 
15.8 

13.5 

17.5 

7.6 

11.8 

5.3 

10.7 

5.9 

7.5 

6.5 

12.5 

5.5 

12.0 

12.6 

5.1 

3.4 

10.2 

3.8 

17.2 

5.8 

7.2 

17.1 

8.9 

13.0 

21 .o 
7.1 

3.5 

6.8 

1.8 

1 .  

2.6 

1.4 

2.9 

1.7 

2.9 

1.4 

3.2 

1.2 

1.3 

3.4 

5.2 

1.6 

3.2 

(0.8) 

2.5 

2.1 

(0. 9) 

2.0 

1.3 

(0.8) 

2. 3 

3.9 

2. 6 
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Table 8. 

S u l f u r  and WLOC da ta  f o r  Jackson and L i n c o l n  Counties, West V i r g i n i a  

[WLOC = we igh t  l o s s  i n  combustion a t  550"Cl 

Sample WLOC S u l f u r  percent  

Jackson County 

c- 3483 

c-3573 

C-3626 

C-3640 

5.4, 4.0 0.28, 0.21 

7.8 2.55 

6.0, 6.3 1.72, 1.58 

6.7 1 .a1 

C-3660 (11.6) 0.03 

L i n c o l n  County 

L-2733 

3020 

331 2 

3398 

3551 

391 4 

3951 

3956 

3961.6 

3.4 

3.7 

5.6 

4.2 

7.8 

5.0 

11.7 

9.5 

4.9 

0.37 

1.24 

5.74 

1.07 

2.41 

1.74 

3.27 

2.51 

2.16 
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Table 9. Resul ts o f  U and Th ana lys is  o f  t h e  L i n c o l n  County, West 

V i r g i n i a  core.  
__- ____ 
Sample Depth T h 
: r t . )  Ppm 

L-2636 

2655 

2694 

271 3 

2733 sp. 

2756 

2770 

3001 

3020 

3041 

3062 

3081 

3082 

3114 

3291 

331 2 

3337 

3358 

3380 
3393 
3420 

3442 

3486 

351 1 

3551 

3572 

3890 

3901 

3914 
3928 
3936 

3951 

3953 

3956 

3957 

3961.6 

3962 

3965 

21.2 

19.7 

17.2 

17.2 

17.5 

17.6 

18.8 

14.9 

19.9 

16.0 

13.4 

14.4 

14.8 

13.1 

15.1 

9.7 

14.1 

16.2 

(15.0) 
17.4 

(16.0) 

(12.6) 

(13.4) 

(15.5) 

14.9 

(14.5) 

19.1 

14.1 

18.2 
15.4 
1 6 . 7  

(17.3) 

(14.4) 

(15.3) 

( 7.1) 

18.8 

( 9.3) 

(20.9) 

4.0 

4.1 

4.0 

3.7 

4.1 

4 . 4  

8.7 

6.0 

4 . 4  

5.2 

6.4 

6.4 

9:2 

8.0 

3.4 

4.2 

6.3 

4.6 

18.5 
8 . 1  

21.2 

14.6 

14.5 

21.4 

11.7 

17.4 

18.0 

7.5 

11.2 
6.5 

12.7 

36.6 

29.5 

26.5 

13.8 

14.7 

15.8 

28.8 

5.27 

4.81 

4.27 

4.71 

4.26 

4.04 

2.16 

2.49 

4.53 

3.08 

2.10 

2.26 

1.60 

1.63 

4.50 

2.33 

2.25 

3.72 

'5:!Y 
(0.76) 

(0.86) 

(0.92) 

(0.72) 

1.27 

(0.84) 

1.06 

1.89 

1.63 
2.35 
1.32 

(0.47) 

(0.49) 

(0.58) 

(0.51) 

1.28 

(0.63) 

(0.73) 
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Table 10. Results o f  U and Th analysis of Cattaraugu;County, Nm Vork core 

Depth Old Th U Th 
'U 

New 
Number (Ft.) Number ppn Ppn 

1 

2 

3 

4 

5 

6 

7 

8 

9 10 

1 1  12 

13 

14 

15 

16 

17 

18 19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 30 

31 

32 33 

34 

35 

36 

37 

38 

39 

40 

41 42 

43 

44 

45 46 

47 

48 

31 3- 

418* 

452 

508 

562 

641 

686. 

721. 

786 

797' 

809 

818. 

827 

942 

962 

1047 

1108 

1184 

1203 

l222' 

1242 

1255. 

1256 

1257 

1285 

1297 

1315 

1328' 

1344' 

1366 

1389 

1407 

1421 

1428 

1439 

1442. 

1450 

1463 

1469 

1470 

1471 

1470 

1477 

1478 

1490 

1494 

1497 

1498' 

46 

47 

10 

42 

I8 

6 

43 

12 

2 

2F 

3A 

1 

I F  

1 1  

19 

7 

45 

8F 

5F 

13 

44 

16F 

16L 

168 

4 

4F 

41 

40 

8 

10F 

11F 

18F 

14F 

14 

17F 

17 

15F 

15 

48 

5 

48A 

48F 

3 

3F 

20 

20F 

Of 

9 

17.7 

15.0 

16.2 

15.1 

16.7 

1S.8 

13.2 

15.4 

7.2 

13.6 

12.2 

16.3 

13.1 

14.0 

19.5 

15.4 

19.0 

12.3 

14.5 

13.4 

13.7 

13.4 

4.2 

11.7 

10.8 

17.0 

15.7 

16.0 

13.1 

18.1 

13.9 

16.3 

15.7 

16.6 

16.9 

13.7 

13.2 

13.2 

14.5 

14.3 

12.2 

19.6 

13.3 

15.9 

12.8 

18.1 

12.3 

10.2 

3.9 

3.7 

3.7 

4.2 

4.2 

6.2 

7.8 

6.1 

5.3 

5.7 

9.2 

4.9 

6.0 

4.0 

4.5 

7.4 

4.2 

9.6 

10.3 

8.5 

3.3 

4.0 

1.5 

3.3 

2.6 

10.5 

6.4 

3.7 

3.5 

10.5 

4.2 

7.7 

12.3 

5.4 

1 4 . R  

6.6 

\3.1 

5.3 

5.4 

5.4 

8.2 

11.4 

6.4 

15.8 

9.4 

12.n 

3.8 

6.4 

4.54 

4.09 

4.39 

3.58 

3.98 

2.54 

1.69 

2.54 

3.27 

2.39 

1.33 

3.36 

2.18 

3.5 

4.41 

2.08 

4.53 

1.28 

1.40 

1.57 

4.15 

3.37 

2.78 

3.59 

4.20 

1.62 

2.44 

4.36 

3.75 

1.73 

3.26 

2.12 

1.28 

3.01 

1.15 

2.07 

1.01 

2.52 

2.69 

2.66 

1.50 

1.72 

2.08 

1.01 

1.36 

1.51 

3.23 

1.60 

I s  average o f  multiple samples f r o m  that interval. 

4-7 inch interval 

Samples represent 

290 



EGS- 15 LEvENTElAL 6 GOLDHABER 33 

Table 11. Su l fu r  and YLOC and orspnic carbon data f o r  Ca tu raugus  County. 

NUI York core. 
[WLOC = weight  loss i n  cumbustion a t  55O'Cl 

Sanpie 

43a 

- 

43b 

46a 

48 

9b 

l a  

l b  

2 

I l f  

13a 

13b 

14 

17a 

20 

40a 

14 

42 

3 

3 r  

aF 

16L 

4Ibo 

47 r e d  

9F 

4F 

5 

7-2 

9 

1 OF 

12 

14F 

15 

I 5 r  

16F 

16 

17 

i 7 r  

19 

ZOF 

44 

48F 

18 

8 

41 

Percent C ULOC Percent  
org. percent  s u l f u r  

1 .5 

1.5 

0.3 

0.4 

2.2 

0.2 

0.2 

0.2 

1 .n 4.0 

1.9 

1 .7 

0.4 

1.4 

3.7 5.8 

0.4 

0.7 

0.7 

1 . 5  4.6 

3 . 6  7.2 

2.6 

0.1 1.6 

0.1 

0.2 

0.6 

_ _  4 .9  1.4 

5.0 1.3 

3.9 3.2 

6.9 1.05. 1 .1 

5.5 2.0 

1 .3  1.1 

6.4 1.4 

4.2 1.4 

6 .0  1.3 

_ _  2.8 0.6 

3.4 2.0 

3.8 2.0 

7.2 1.4 

2.8 0.4 

6.9 1 . 3  

2.8 2.6 

6.6 1.6 

3.0 1 . 3  

3.4 0.8 

4.1 2.1 

8.7 

1.4 

1 .9  

1.4 

0.3 
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Table 12.--Uranium and thor ium data f o r  d i f fe r ing  l i tho logies  i n  
New York, core 

9 
9F 

3 
3F 

16 
16L 
16F 
168 1 

47 
47r 
47m 
47bo 
47B1 

dark 
1 i g h t  

1 i g h t  
dark 

---- 
l i g h t  
dark 
dark 

gray 
red 
brown 
gray 
black 

1498 
1497 

1477 
1478 

1255 
1256 
1255 
1257 

4 18 
4 18 
4 18 
4 18 
4 18 

10.9 
12.3 

13.3 
15.9 

13.2 
3.2 

13.7 
11.7 

16.1 
18.1 
10.5 
9.4 

21.1 

6.4 
3.8 

6.4 
15.8 

3.3 
1.0 
4.3 
3.3 

3.7 
3.2 
2.5 
2.8 
6.2 

1.70 
3.2 

2.1 
1.0 

3.6 
3.2 
3.2 
3.6 

4.3 
5.7 
4.3 
3.3 
3.4 
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Table 13. Short range uranium and carbcm var ia t ions  i n  the Jackson County, 

West V i r g i n i a  core. 

Ne. Carbon U Th/u S.rrplc % Organic Th 

C-3514-1 

-2  

-3 3.9 

-4 3.7 

-5a 

-5b 

-6 3.8 

-7 

-8 4.0 

-9 

-1 0 

-11 2.8 

-12 3.8 

3515.1.13 3.5 

3232. a 2.7 

3233 

3233.4 

.§ 1 .o 

.6 

.7 0.33 

.8  0.44 

(12.7) 

(10.5 

(13.1) 

(13.3) 

19.5 

(13.7) 

(17.2) 

(16.2) 

(13.2) 

(13.4) 

12.8 

11.8 

( 9.9) 

(12.6) 

15.5 

13.9 

13.5 

13.5 

12.9 

12.2 

16.4 

17.0 

18.9 

17.8 

20.4 

18.9 

18.8 

19.4 

18.1 

18.0 

17.3 

10.2 

12.1 

17.2 

16.6 

11.8 

6.3 

5.8 

6.1 

4.9 

4.3 

4.4 

(0.74) 

(0.55 

(0.73) 

(0.65) 

1.03 

(0.73) 

(0.89) 

(0.89) 

(0.73) 

(0.77) 

1.25 

0.97 

(0.58) 

(0.76) 

1.31 

2.23 

2.35 

2.21 

2.62 

2.87 

3.73 
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Table 14. Short  range v a r i a t i o n s  on uranium con ten t  i n  the Lincoln County, 

West Virginia  core.  

Sample No. Th U Th /u  

L-3001-1 15.9 8.9 1.78 

-2 13.4 8.7' 1.54 

-3 13.7 7.6 1.81 

-4a 14.0 7.4 1.90 

-4b 14.4 7.3 2.00 

-5 

-7 

-8a 

-8b 

- 9a 

- 9b 

-1 0 

-1la 

-1lb 

-1 2 

-1 3 

-1 4 

15.8 

16.6 

13.2 

13.4 

13.9 

16.6 

15.7 

16.7 

15.2 

12.6 

14.3 

17.0 

7.1 

5.9 

5.2 

5.4 

5.6 

5.1 

5.1 

5.1 

5.4 

5.2 

5.0 

4.4 

2.23 

2.82 

2.56 

2.47 

2.49 

3.25 

3.07 

3.25 

2.81 

2.44 

2.84 

3.89 

-1 5a 13.2 4.6 2.138 

-1 5b 16.6 4.5 3.73 
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Table l5. S h o r t  range variations on uranium content  i n  the Lincoln County, 

West Virginia  core. 

L-3080.6a 

6b 

3081 -1 a 

-1b 

-2a 

-2b 

- 3a 

-3b 

-4 

-5 

-6a 

-6b 

-7a 

-7b 

-8a 

-8b 

-9 

-1 0 

-1 1 

14.5 

14.1 

16.0 

14.4 

16.1 

17.2 

17.7 

15.1 

14.6 

11 .o  
13.6 

13.5 

9.4 

16.0 

15.3 

14.2 

11.9 

15.9 

14.4 

5.3 

5.3 

5.2 

5.3 

5.5 

5.3 

5.3 

5.7 

6.5 

7.5 

5.8 

6.0 

5.8 

7.4 

8.1 

8 . 3  

8.0 

7.4 

8.0 

2.71 

2.67 

3.09 

2.72 

2.91 

3.23 

3.36 

2.64 

2.24 

1.46 

2.33 

2.23 

1.63 

2.15 

1.89 

1.72 

1.47 

2.17 

1.81 
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Tab le  16. S h o r t  r ange  v a r i a t i o n s  on uranium content i n  t h e  Lincoln County, 

West V i r g i n i a  core. 

Th U \ Th/" Sample No. 

L-3442.1 

.2 

. 3  

. 5  

. 6  

. 9  

L3953.0 

~ 3 9 5 6 . 8  

(12.5) 

(11.9) 

( 9.0) 

13.1 

13.5 

15.5 

(14.4) 

( 7-11 

16.2 

18.2 

18.4 

11.8 

11.2 

12.0 

29.5 

13.8 

L3961.2 (12.9) 17.3 

. 3  ( 9.3) 18.0 

.5 ( 9.6) 16.7 

. 6  ( 7.5) 14.8 

,7a (11.5) 15.4 

(0.77) 

(0.66) 

(0.49) 

1.11 

1.21 

1.29 

(0.49) 

(0.51) 

0.75) 

0.52) 

0.58) 

0.47) 

0.75) 

.7b ( 9.7) 15.0 (0.65) 

L3962.2 ( 8 .4 )  12.9 (0.65) 

L3962.9 (10.6) 15.5 (0.68) 

L3965 (20.9) 28.8 (0.73) 
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GEOCHEMICAL CHARACTERIZATION OF THE DEVONIAN BLACK SHALE 
FROM COTTAGEVILLE, WEST V I R G I N I A :  A 

PRELIMINARY LOOK AT MULTIVARIATE ANALYSIS 
by 

Stephanie J. Bialobok and Steven C .  Lamey 
ERDAIMorgantown Energy Research Center 

and 
J o  j ok Sumarto j o , Vanderbil t University 

ABSTRACT 

R-mode c lus t e r  ana lys i s  of geochemical data  obtained from the  Cot tagevi l le  wells /I11940 and /I12041 
groups. t he  da ta  in to  nine c lus te rs .  The r e s u l t s  ind ica te  '*key'* geochemical var iables  which may be 
analyzed t o  charac te r ize  the  Devonian shale.  

Of the  43 geochemical and mineralogical parameters analyzed by regression analysis  from w e l l  #11940 
nine show va r i a t ions  with depth. 
and Na20 have negative cor re la t ions  with depth; whereas boron and c h l o r i t e  have pos i t ive  co r re l a t ions  
with depth. 

Spec i f ic  grav i ty ,  moisture, organic su l fu r ,  copper, barium, Fe203, 

INTRODUCTION 

The Devonian black shale ,  known i n  d i f f e ren t  s t a t e s  under a va r i e ty  of formational names (Chattanooga, 
New Albany, Ohio, etc.) , (Cooper, e t .a l . ,  1942) .has coptinuously been the  object  of geologic inves t i -  
gations.  
anomalous contents of radioact ive minerals (Swanson, 1960; Conant and Swanson, 1961; Hickman and Lynch, 
1967). 
authors (Duncan and Swanson, 1965; Vine, 1969; Vine and Tourtelot ,  1970) .  Recent geochemical and 
geological inves t iga t ions  of t he  Devonian black sha le  are being car r ied  out  by, among others :  
(pers.  comm., 1976) ,  Kepferle (pers. comm. 1976) ,  Blackburn (pers.  comm., 1976), and Yen (pers .  c o w . ,  
1976) .  
of the  Devonian Shale as a source of na tu ra l  gas. The i n i t i a l  phase of t h i s  program is a resource 
inventory and character izat ion of the Black Shale, of which t h i s  study is a pa r t .  

Since 1940, t h i s  remarkable s t r a t ig raph ic  un i t  has been s tudied by inves t iga tors  because of i t s  

Other s tud ie s  on the  geochemistry of black shales  i n  the  U.S. have been presented by various 

Renton 

A t  the  present t i m e ,  ERDA i s  cur ren t ly  involved i n  a major program to  determine the po ten t i a l  

This paper summarizes the  work done a t  t he  ERDA/Morgantown Energy Research Center on the  geochemical 
analyses of two w e l l  cores f11940 and 612041 obtained from d r i l l i n g  i n  the  Cottagevi l le  West Virginia 
area (Byrer, e t .a l . ,  1976). 
various methods. 
and regression analysis .  
var iab les ,  the in te r re la t ionship  among the  var iables;  and t o  determine which parameters could bes t  be 
used i n  a geochemical descr ip t ion  of t he  Devonian Shales. 

A t o t a l  of 4 3  geochemical and mineralogical var iables  were analyzed by 
The ana ly t i ca l  r e s u l t s  were s t a t i s t i c a l l y  processed by means of c lus t e r  analysis  

This procedure w a s  performed t o  determine the  geochemical coherence of t he  

ANALYTICAL METHODS 

The analyses of the  sha le  samples w e r e  car r ied  out using a va r i e ty  of wet  chemical and instrumental  
techniques. Most of the  analyses were done following the procedures commonly used fo r  the  analyses 
of coals.  (S ta f f ,  U . S .  Office of Coal Research, 1967) .  
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The s h a l e  s e c t i o n s  were . se l ec t ed  a t  f ive - foo t  i n t e r v a l s .  Eight  i nch  s e c t i o n s  of t h e  
four  inch diameter co res  were halved, and one-half removed f o r  pe t rog raph ic  a n a l y s i s  
and archiving.  The remaining h a l f ,  a f t e r  s u r f a c e  sampling, w a s  pulver ized t o  -8 mesh. (2380 microns) 
A r e p r e s e n t a t i v e  p o r t i o n  of t h i s  sample w a s  then ground t o  -60 mesh (250 microns) f o r  elemental  
ana lyses ,  combustion a n a l y s i s ,  and chemical s epa ra t ions .  A p o r t i o n  of t h i s  material w a s  McCrone- 
ground w i t h  e thano l  f o r  15 minutes t o  -325 mesh (44 microns).  This  was used f o r  i n f r a r e d  s t u d i e s ,  
thermal chromatography, and low-temperature ashing. 

THERMAL CHROMATOGRAPHY 

The determinat ion of t h e  r e l a t i v e  amount of material p re sen t  w i t h i n  t h e  v a r i o u s  carbon number groups 
w a s  c a r r i e d  ou t  using an Mp-3 thermal chromatograph (Chromalytics 
samples were heated from 6OoC t o  6OO0C a t  a ra te  of 12"C/minute. The evolved gases  were captured 
on a t r a p  held a t  room temperature and t h e  t r a p  w a s  then heated t o  25OoC i n  less than  one minute i n  
o rde r  t o  release t h e  adsorbed gases  as a "slug." 
graph. A flame i o n i z a t i o n  d e t e c t o r  w a s  used t o  measure t h e  va r ious  o rgan ic  s p e c i e s  as they e l u t e d .  
The chromatogram cons i s t ed  of peaks r ep resen t ing  a homologous .series of hydrocarbons extending t o  C35. 

For a n a l y s i s ,  t h e  seri.es w a s  divided i n t o  fou r  carbon number groups; C12 and below, C13 through C20, 
c21 through C26, and C;;.to t h e  end of t h e  chromatogram. These correspond t o  approximate b o i l i n g  
ranges of 215OC, 216'C t o  361°C, 362OC t o  443OC; and above 443°C a t  760 mm. The peak he igh t  of each 
component w a s  then measured, and an assessment of the material p resen t  i n  each f r a c t i o n  w a s  made. 

MAJOR AND MINOR ELEMENTS 

The ana lyses  of t h e  major and minor elements were conducted on t h e  high-temperature ashes .  The 
methods w e r e  e s s e n t i a l l y  those of Gibson and Ode (1962) and ' involved t h e  a p p l i c a t i o n  o f :  (1) SpeCtrO- 
photometric methods f o r  SiO, ,  Al,03, TiO,  and P,O,, (2) EDTA t i t r a t i o n  f o r  CaO and MgO, and (3) 
flame photometry f o r  N a  0 aiid K,6. The Znalysig df SO3 w a s  based on a method by U.S .  Bureau Of 
Mines (U.S. Of f i ce  of Cgal Resezrch, 1967, p. 75). 

Two s o l u t i o n s  were required:  t h e  f i r s t  of t h e s e  prepared from a sodium hydroxide f u s i o n  of t h e  a sh  
w a s  used f o r  t h e  s i l i c a  and aluminum oxide analyses ,  and t h e  second from t h e  evaporat ion of t h e  a s h  
with hydro f luo r i c  and s u l f u r i c  a c i d s  w a s  used f o r  t h e  remaining determinat ions.  
analyses  were c a r r i e d  ou t  on a Beckman DU wh i l e  t h e  flame photometric procedures used a second Beck- 
man DU wi th  flame attachments.  

Corp., Unionvi l le ,  PA). Ground 

The 'gases were then back-flushed t o  a gas  chromato- 

The spec t ropho tme t r i c  

FORMS OF SULFUR 

T h e t o t a l  s u l f u r  p re sen t  i n  c o a l  and s h a l e  gene ra l ly  occur s  i n  t h r e e  forms. 
a s u l f u r  a n a l y s i s  u sua l ly  c o n s i s t s  of a breakdown of t h e  t o t a l  s u l f u r  i n t o  i ts  v a r i o u s  forms: 
s u l f a t e  s u l f u r ;  as calcium o r  i r o n  s u l f a t e  (2) p y r i t i c  s u l f u r ;  and (3) o rgan ic  s u l f u r .  Organic 
s u l f u r  is determined by d i f f e r e n c e  and r e q u i r e s  t h e  determinat ion of t o t a l  s u l f u r .  

S u l f a t e  Su l fu r  - D i l u t e  H C 1  w a s  added t o  a 2 g sample and t h e  m i x t u r e b n m g h t t o  a b o i l .  
f i l t e r e d  and t h e  r e s i d u e  was saved f o r  t h e  p y r i t i c  s u l f u r  determinat ion.  
t o  t h e  f i l t r a t e  followed by ammonium hydroxide. 
due being discarded.  
s u l f a t e  produced w a s  f i l t e r e d ,  d r i e d ,  and weighed, and t h e  s u l f a t e  o r i g i n a l l y  p r e s e n t  w a s  c a l c u l a t e d .  

P y r i t i c  Su l fu r  - The r e s i d u e  and f i l t e r  paper from t h e  s u l f a t e  s u l f u r  de t e rmina t ion  were t r e a t e d  with 
d i l u t e  HN03, f i l t e r e d  and t h e  r e s i d u e  discarded.  
s o l u t i o n  w a s  f i l t e r e d .  The s u l f u r  i n  t h e  f i l t r a t e  was then determined by t h e  same method as t h e  su l -  
f a t e  s u l f u r .  

Consequently, 
(1) 

This  w a s  
Bromine water w a s  added 

A.second f i l t r a t i o n  w a s  c a r r i e d  o u t  w i t h  t h e  resi- 
The f i l t r a t e  w a s  made s l i g h t l y  a c i d  and barium c h l o r i d e  added. The barium 

An excess of NH40H w a s  added t o  t h e  f i l t r a t e  and t h e  

Organic S u l f u r  - Organic s u l f u r  is  determined 
f u r  from t h e  t o t a l  s u l f u r .  

by s u b t r a c t i n g  t h e  sum of t h e  p y r i t i c  and s u l f a t e  Sul- 

To ta l  Su l fu r  - The a n a l y s i s  f o r  t o t a l  s u l f u r  w a s  c a r r i e d  ou t  by i n c i n e r a t i n g  t h e  co re  sample with 
Eschka mixture  (two p a r t s  l i g h t  ca l c ined  MgO and one p a r t  anhydrous Na2C03).  
placed i n  a po rce l a in  c r u c i b l e ,  covered with t h e  Eschka mixture  and heated slowlyA t o  8OO0C u n t i l  
complete combustion w a s  a t t a ined .  
The f i l t r a t e  w a s  a c i d i f i e d  and p r e c i p i t a t e d  as BaS04 through t h e  a d d i t i o n  of BaC12. 

One gram of sample w a s  

The material w a s  then cooled, d i g e s t e d  with water, and f i l t e r e d .  
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NITROGEN 

Nitrogen w a s  determined by the  Kjeldahl-Gunning method (U.S. Office of Coal Research, 1967, p. 9) .  A 
one gram sample ground t o  -60 mesh (250 microns) w a s  i n i t i a l l y  digested i n  acid u n t i l  a l l  p a r t i c l e s  of 
t he  sample w e r e  oxidized. 
NaOH solut ion.  

The digested so lu t ion  w a s  then d i lu ted  with water and made a lka l ine  with 
This so lu t ion  was then d i s t i l l e d  in to  standard H2SO4 and t i t r a t e d  with standard NaOH. 

HTA (HIGH TEMPERATURE ASH) 

Ashing w a s  car r ied  out  by placing ; 1 g sample i n  a ceramic c ruc ib le  and heating t o  ign i t i on  a t  75OoC. 
The material was maintained a t  750 u n t i l  a constant weight w a s  a t ta ined .  

TOTAL CARBON AND HYDROGEN 

Total  carbon and hydrogen were determined by heating the  sample to  85OOC i n  an oxygen atmosphere. 
sample weighing 0.2 g and ground t o  -60 mesh (250 microns) w a s  combusted and a t  the  same t i m e  asn i ra ted  
t o  a series of U-tubes by the  pressurized oxygen. 
Mg(C104)~ to  absorb the  hydrogen generated i n  the  form of water vapor. 
tube gave the  percentage hydrogen present  i n  the  shale.  
a layer  of Mg(C104)2 on top, absorbed the  l ibera ted  C02. 
t o t a l  carbon content. 

A 

The f i r s t  tube w a s  f i l l e d  with granular anhydrous 
The increase i n  weight of t h i s  

The increase i n  weight of t h i s  bulb gave the  
A second tube containing NaOH -asbestos with 

INORGANIC CARBON 

Carbonate minerals i n  varying amounts are usual ly  present  i n  shales .  
the above are t rea ted  with d i l u t e  HC1 allows one t o  es t imate  the  amount of these minerals present .  

The carbon dioxide l i be ra t ed  when 

The analysis  w a s  car r ied  out  on 10 grams of sample ground t o  -60 mesh (250 microns). 
added to  the  sample immersed i n  hot  water i n  an  Erlenmeyer f laek.  
released w a s  trapped i n  a bulb containing sodium asca r i t e .  
was 'clue t o  the  CO2 i n  t he  sample. 

Dilute  HC1 w a s  
Heat w a s  then applied and the  CO2 

The increase i n  the  weight of t he  bulb 

TRACE JCLEMENTS 

The analyses of trace elements B y  Mn, N i ,  Ba ,  C r ,  S r ,  and Cu were car r ied  out  on a Spectrametrics 
Incorporated Spectraspan I11 argon plasma emission spectrometer. 
reported la ter  by the  Chemical Services  Branch a t  MERC. 

Details of t he  techniques w i l l  be 

MOISTURE 

Moisture content of t he  samples was determined by heating the  rock powder i n  an oven a t  105OC f o r  1 hour. 
The weight l o s s  expressed i n  per cent  i s  the  moisture content.  

SPECIFIC GRAVITY 

This physical  va r i ab le  was  determined i n  a pycnometer. 

LTA (LOW TEMPERATURE ASH) 

LTA w a s  determined by oxidizing the  ground samples i n  a plasma oxygen environment generated by Passing 
commercial grade O2 through 8 rad io  frequency f i e l d  (13.56 MHz) at lmm Hg. 

Wilson, 1977). 

STATISTICAL TECHNIQUES 

c lus t e r  Analysis 

The c lus t e r  ana lys i s  is Original ly  used 
i n  taxonomic c l a s s i f i ca t ion ,  i t  now has a growing appl ica t ion  i n  geologic da ta  reduction. (McCammon, 
1968; Hidalgo, 1974). The c l a s s i f i c a t i o n  is based on the  assocat ion of each sample with every other  
sample on the bas i s  of t he  s imi l a r i t y  i n  t h e i r  measured var iab les  ( i n  the  present case, t he  geochemical 
and mineralogical var iables) .  (Parks, 1966; McCamon, 1968; Davis, 1973). 

(Gluskoter, 1965) (Mazza 
The weight of the resldue is t he  low temperature ash expressed i n  per cent. 

a r e l a t i v e l y  new technique t o  c l a s s i f y  geologic samples. 
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One method of comparing each sample t o  every o ther  sample is by using a coe f f i c i en t  of d i s s imi l a r i t y ,  
f o r  example, t he  d is tance  coef f ic ien t .  This coe f f i c i en t  is a measure of t he  Average Taxonomic Distance 
between any pa i r  of samples i n  m-dimensional space, where "m" is the  number of var iab les  used. 

There a r e  two techniques of c l u s t e r  analysis : the.Q-mde and t h e  R-mode. The Q-mode ana lys i s  compares 
sample to  sample; t h e  R-mode compares var iab le  t o  var iable .  (Davis, 1973). This paper shows the  
r e s u l t s  of R-mode analysis .  The bas i s  f o r  l ink ing  two var iab les  together is t h a t  each must have the  
highest  cor re la t ion  with the  other.  Therefore, i t e m s  with t h e  lowest d i s s imi l a r i t y  have the  h ighes t  
correlat ion.  

It should be noted t h a t  there  a r e  d i f f e r e n t  ways t o  achieve t h i s  h ighes t  co r re l a t ion  between two items. 
I n  t h i s  study, t he  UPGMA (Unweighed P a i r  Group Method of Analysis) w a s  used. ' UPGMA attempts t o  weigh 
each c lus t e r  proport ional ly  to  the  number of ob jec ts  within it during the  averaging process.  Some of 
the other methods do not;  thereby allowing thoseobjectsadded late i n  the  c lus t e r ing  process t o  exert 
a greater  influence than those l inked earlier. (Davis, 1973). 

A l l  data from t h e  two cores was standardized before  being subjected to  c l u s t e r  analysis .  
of s tandardizat ion is t o  produce a co l lec t ion  of da ta  t h a t  is un i t l e s s ,  thereby enabling the  comparison 
of a d i s t r ibu t ion  of one var iab le  to  another when the  two var iab les  are expressed i n  d i f f e r e n t  u n i t s  of 
measurement. 

The purpose 

While mineralogical analyses were performed on these samples, and subsequently added t o  the  c l u s t e r  
analyses, they have been deleted from the  f i n a l  r e su l t s .  
data  were d i f f e r e n t , i n t h i s  case from c lus t e r  analyses performed without mineralogy data .  
is  par t ly  due t o  the  semi-quantitative nature  of mineralogy by x-ray d i f f r ac t ion ,  so fo r  t h i s  reason, 
the mineralogy has not been included. 

Computation procedures have been presented by var ious authors (Sokal and Sneath, 1963; Parks, 1966) ; 
Harbaugh and Merriam, 1968; McCammon, 1968; Davis, 1973). The computer program f o r  c l u s t e r  ana lys i s  
used i n  t h i s  paper i s  the  NT-SYS (Numerical Taxonomy System) developed by the  S t a t e  University of New 
York a t  Stony Brook and adapted to  the  computer IBM 360175 

There is  one obvious drawback t o  c l u s t e r  analysis .  
is forced to  c l u s t e r  with every o ther  var iable .  
a r e  together not because bheir  behavior is similar, but  because they are unl ike any other  var iab les  i n  
the matrix. 

Cluster  analyses performed with mineralogy 
The d i f fe rence  

3701145 a t  West Virginia  University.  

Because of t he  nature  of t he  program, every var iab le  
The r e s u l t  may therefore  be a Cluster  of var iab les  t h a t  

RESULTS AND DISCUSSION 

The Cottagevi l le  Well f11940 

The dendrogram of the  R-mode c l u s t e r  ana lys i s  ind ica tes  t he  grouping of t he  36 geochemical var iab les  
(Table 1) in to  e ight  c l u s t e r s  (Figure 1). The c lus t e r s ,  while exhibi t ing a low degree of mutual re- 
la t ionship  among the  var iab les ,  f i t  geochemical pa t te rns .  

Cluster 1: B and N i  c lu s t e r  with t o t a l  carbon, organic carbon and combustible LTA ( the  organic f r ac t ion ) .  
The assoc ia t ion  of these elements with organic matter i n  sedimentary rocks has been suggested (Gold- 
Schmidt, 1954, Couch, 1971). (Zubovic, 1966) found t h a t  i n  sediments r i c h  i n  organic matter (such as 
coals) there  i s  an  a f f i n i t y  of boron with organic matter. The high concentrations of N i  i n  areas of 
high organic product ivi ty  (such as upwelling water) has been reported (Schutz and Turekian, 1965). 

Cluster  2: The c lus te r ing  of t he  su l fu r  species  may be e n t i r e l y  genet ic  and may not be influenced by 
any geochemical fac tors .  

Cu has been reported as su l f ides  i n  sha les  of Mansfeld, Germany (Goldschmidt and Peters, 1931, 1932, 
1933), and C r  and Cu a r e  considered t o  be elements commonly associated with the  organic f r ac t ions  of 
black shale deposi ts  (Vine, 1966, 1970). These elements a l so  occur i n  low concentrations i n  sea water 
(Vine, 1966). 

There is  no apparent explanation f o r  H2 i n  t h i s  c lus te r .  
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C lus t e r  3: The occurrence of mineral  carbon, C02, CaO,  MnO, is bel ieved t o  be  a s soc ia t ed  with t h e  car- 
bonate minerals  (Vine 1969) and t h i s  c l u s t e r  seems t o  support  t h i s  b e l i e f .  
carbonate f r a c t i o n  has been reported (Vine, 1970) as d e t r i t a l  mineral  f r a c t i o n s .  

Ba a s soc ia t ed  with the  

The a n a l y s i s  f o r  SO ( S t a f f ,  U.S. O f f i c e  of Coal Research, 1967) supports  t h e  ex i s t ence  of CaS04 as re- 
ported by x-ray d i f 2 r a c t i o n  (Mazza, pers .  corn., 1977). 
example of t h i s  r e l a t i o n s h i p .  The SO 

C l u s t e r  4: Because mineral  m a t t e r  is  gene ra l ly  more dense 
LTA and S p e c i f i c  Gravity i s  expected t o  be  proport ional .  

There is no apparent explanat ion f o r  S r  i n  t h i s  c l u s t e r .  

The presence of SO3 i n  t h i s  c l u s t e r  may be  an 
may a l s o  be a s soc ia t ed  with the  Ba as BaS04. 3 

than organic matter, t h e  r e l a t i o n s h i p  between 

C lus t e r  5: The occurrence of t h i s  c l u s t e r  may be  r e l a t e d  t o  t h e  g e n e t i c  n a t u r e  of t h e  v a r i a b l e s .  
hvvothesis  is  a l s o  supported by t h e  t i g h t  grouping of t h e  var iables .1  Because a l l  of t hese  v a r i a b l e s  
w e r e  determined i n  t h e  same way, t h e  c l u s t e r  may suggest  a r e l a t i o n s h i p  based on the  method of a n a l y s i s .  

This 

C lus t e r  6: There is no apparent explanat ion f o r  t h i s  c l u s t e r .  

C lus t e r  7: The r e l a t i o n s h i p  between HTA and S i O 7  r e f l e c t s  t h e  gene t i c  n a t u r e  of t he  two v a r i a b l e s ,  as 
HTA i s  l a r g e l y  composed of SiO,. 

The r e l a t i o n s h i p  between A1203 and K 2 0  most probably r e f l e c t s  t h e  c l a y  minerals  p re sen t  i n  t h e  sha le .  
The occurrence of Fe and Mg i n  s h a l e s  has been reported (Vine, 1966, 1970) and i n  most cases  i t s  occur- 
rence is a t t r i b u t e d  t o  d e t r i t a l  mineral  matter. I n  t h i s  case, Fe and Mg may rep resen t  c h l o r i t e ,  which 
has  been r epor t ed  by x-ray d i f f r a c t i o n .  

The loose  a s s o c i a t i o n  of Na20 with t h e  o t h e r  c l u s t e r s  may r ep resen t  t h e  s u b s t i t u t i o n  of N a  f o r  K i n t o  
t h e  l a t t i c e s  of f e l d s p a r s  and p l ag ioc la se .  
a b i l i t y  of  c l a y  minerals  t o  adsorb water. 

C lus t e r  8: The c l u s t e r i n g  of t hese  two v a r i a b l e s  may r e f l e c t  t h e i r  occurrence i n  l o w  concentrat ions.  
The N2 content  of t h e  s h a l e  samples from t h i s  co re  w a s  u sua l ly  0.0,  and t h e  h ighes t  value ever reported 
f o r  a s i n g l e  sample w a s  0.22. 

L 

Also t h e  loose  a s s o c i a t i o n  of moisture  may reflect  t h e  

For P205, t h e  average content  w a s  0.1. 

RESULTS AND DISCUSSION 

The C o t t a g e v i l l e  Well /I12041 

The geochemical v a r i a b l e s  (Table 2) i n  t h i s  w e l l  are grouped i n t o  n ine  c l u s t e r s .  
clusters which appeared i n  t h e  C o t t a g e v i l l e  w e l l  /I11940 a r e  a l s o  p re sen t  i n  t h i s  w e l l ,  t h e r e  has been 
a r e c l u s t e r i n g  among some of t h e  less s t a b l e  v a r i a b l e s .  

C lus t e r  1: The t i g h t  grouping of  t h e  s u l f u r  spec ie s  aga in  seems t o  support  a c l u s t e r i n g  based on t h e  
g e n e t i c  na tu re  of t h e  v a r i a b l e s .  

While some of t h e  

The c l u s t e r i n g  of H2  w i th  t h e  organic  carbon and t o t a l  carbon r e f l e c t s  t h e  nydrocarbon na tu re  of t h e  
organic  material wi th in  t h e  sha le .  

The c l u s t e r i n g  of t h e  s u l f u r  spec ie s  wi th  t h e  carbon f r a c t i o n  is  not  f u l l y  understood, bu t  a c l o s e  exam- 
i n a t i o n  of t h e  c l u s t e r  r e v e a l s  t h a t  t he  s u l f u r  spec ie s  are l inked t o  t h e  carbon f r a c t i o n  by way of t h e  
o rgan ic  s u l f u r ,  a v a r i a b l e  which i n  t h i s  case shows i ts  dua l  na tu re .  

There i s  no apparent explanat ion f o r  t h e  occurrence of LTA i n  t h i s  c l u s t e r .  

C lus t e r  2: The grouping of A 1  O3 and K 0 aga in  supports  t h e  occurrence of c l ay  m a t e r i a l  i n  t h e  s h a l e .  
The l i n k i n g  of moisture  t o  t h f s  c l u s t e r  is aga in  probably due t o  t h e  adso rp t ive  a b i l i t y  of t h e  c l a y s .  2 

The c l u s t e r i n g  of B is  no t  f u l l y  understood, bu t  (Vine, 1970) has  concluded from s t a t i s t i c a l  analyses  
of chemical da t a ,  t h a t  B can be  a s soc ia t ed  wi th  t h e  d e t r i t a l  mineral  f r a c t i o n  i n  some black s h a l e s .  
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C l u s t e r  3: The occurrence of t h i s  c l u s t e r  i s  no t  f u l l y  understood. 
with t h e  d e t r i t a l  mineral  f r a c t i o n ,  Cu is  u s u a l l y  a s soc ia t ed  wi th  t h e  organic  f r a c t i o n .  
of Ba is  probably as b a r i t e ,  which has  been identifiedby I R  (Chi lders ,  pe r s .  comm., 1977), and S r  may 
be occurr ing as celesti te,  a l though t h e  s u b s t i t u t i o n  of S r  f o r  Ba i n t o  t h e  b a r i t e  l a t t i c e  is p o s s i b l e  
(Dana, 1951). I n  t h i s  c l u s t e r  t h e  occurrence of Cu could poss ib ly  be as t h e  s u l f i d e .  

C l u s t e r  4 :  The c l u s t e r i n g  of Fe203 and MgO aga in  supports  t h e  occurrence of c h l o r i t e .  

C l u s t e r  5: This  c l u s t e r  resembles c l u s t e r  3 of t h e  611940 w e l l  dendrogram, except f o r  B a ,  which has  
been el iminated from t h i s  c l u s t e r .  

While Ba  and S r  u s u a l l y  a s soc ia t ed  
The occurrence 

C l u s t e r  6: There i s  no apparent  explanat ion f o r  t h i s  c l u s t e r .  

C l u s t e r  7: Again, as i n  t h e  /I11940 w e l l  dendrogram, t h e  t i g h t  grouping of t h e  organic  f r a c t i o n s  i n  t h i s  
c l u s t e r  seem t o  i n d i c a t e  t h e  r e l a t i o n s h i p  is  based on t h e  a n a l y t i c a l  technique. 

There i s  no apparent  explanat ion f o r  N 
i c  f r a c t i o n s  seems t o  i n d i c a t e  t h a t  t hz  amount of i n f luence  i t  e x e r t s  is s l i g h t .  

C l u s t e r  8: There i s  no apparent  explanat ion f o r  t h i s  c l u s t e r .  
a l l y  considered t o  be a s soc ia t ed  wi th  t h e  mineral  f r a c t i o n ,  wh i l e  N i  i s  u s u a l l y  a s soc ia t ed  w i t h  t h e  
organic  f r a c t i o n .  

i n  t h i s  c l u s t e r ,  and its very l o o s e  a s s o c i a t i o n  with t h e  organ- 

S u l f a t e  s u l f u r ,  Na20, and SiO are usu- 

C l u s t e r  9: The r e l a t i o n s h i p  between P205 and combustible LTA i s  no t  f u l l y  understood, although t h e  
loose  r e l a t i o n s h i p  of C r  t o  t h i s  c l u s t e r  suppor t s  its 
1966, 1970). 

a s s o c i a t i o n  wi th  t h e  o rgan ic  f r a c t i o n  (Vine, 

CORRELATION COEFFICIENTS 

C o r r e l a t i o n  c o e f f i c i e n t s  w e r e  determined on t h e  d a t a  from t h e  C o t t a g e v i l l e  w e l l  #11940. 
c o e f f i c i e n t s  measure t h e  degree of i n t e r r e l a t i o n s h i p  between two v a r i a b l e s  i n  a way t h a t  is n o t  in- 
f luenced by measurement u n i t s  (Davis, 1973). It is  t h e r e f o r e  a u n i t l e s s  number. The v a l u e  f o r  a C O r -  
r e l a t i o n  c o e f f i c i e n t  of p lus  1 i n d i c a t e s  a p e r f e c t  l i n e a r  r e l a t i o n s h i p  between two v a r i a b l e s  and a 
c o r r e l a t i o n  c o e f f i c i e n t  of minus 1 i n d i c a t e s  an i n v e r s e  r e l a t i o n s h i p  between two v a r i a b l e s .  Any 
va lues  i n  between p l u s  1 and minus 1 are p o s s i b l e  c o r r e l a t i o n  c o e f f i c i e n t s ;  i nc lud ing  zero,  which 
shows t h e  l a c k  of any l i n e a r  r e l a t i o n s h i p .  

SPSS ( S t a t i s t i c a l  Package f o r  t h e  S o c i a l  Sciences) a v a i l a b l e  a t  t h e  Vanderbi l t  Un ive r s i ty  Computer 
Center w a s  used t o  process  t h e  C o t t a g e v i l l e  w e l l  611940 d a t a .  
t h e  v a r i a b l e s  vs .  depth.  

A s  shown i n  t h e  t a b l e ,  boron and c h l o r i t e  have a p o s i t i v e  c o r r e l a t i o n  c o e f f i c i e n t ,  t h a t  is, t h e i r  
va lues  i n c r e a s e  wi th  inc reas ing  depth.  
ceous sediments has  been r epor t ed  (Burst ,  1969). The d i r e c t  r e l a t i o n s h i p  between boron concen- 
t r a t i o n  and depth has a l s o  been reported ( H i l l s  and Levinson, 1975). 
change ( o r  b u r i a l  metamorphism) w i t h  depth,  o r  it may support  the u s e  of boron as an  environmental 
i n d i c a t o r .  

C o r r e l a t i o n  

Table 3 shows t h e  r e s u l t s  of processing 

The inc reas ing  abundance of c h l o r i t e  w i th  depth i n  a r g i l l a -  

This  may i n d i c a t e  a d i a g e n e t i c  

SUMMARY AND CONCLUSIONS 

The s t a t i s t i c a l  analyses  of geochemical d a t a  obtained from t h e  C o t t a g e v i l l e  w e l l s  611940 and 112041 
i n d i c a t e  t h a t ,  i n  general :  

1) t h e  c l u s t e r i n g  of t h e  d a t a  f i t s  geochemical p a t t e r n s ;  and, 
2)  some of t h e  c l u s t e r s  are c o n t r o l l e d  by t h e  g e n e t i c  n a t u r e  of t h e  v a r i a b l e s  o r  by t h e  ana- 

l y t i c a l  technique. 

The s h a l e  co res  may be "grossly" cha rac t e r i zed  i n  terms of a few geochemical v a r i a b l e s ;  bu t  gene ra l ly ,  
t h e  co res  e x h i b i t  a heterogenous n a t u r e  which would r e q u i r e  a more d e t a i l e d  a n a l y s i s .  
r e s u l t s  of a n a l y s i s  t o  determine c o r r e l a t i o n  c o e f f i c i e n t s  i n d i c a t e  t h a t  t h e r e  are some elements w i th  
concen t r a t ions  t h a t  vary w i t h  depth which may be u s e f u l  i n  t h e  r e c o n s t r u c t i o n  of t h e  d e p o s i t i o n a l  en- 
vironment. 

I n  a d d i t i o n ,  t h e  
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Statistical analysis as attempted in this paper can be applied for regional correlation of geochemical 
data. 
hydrocarbon content of the shales. 
geochemical data with stratigraphy and lithology to recreate the deposi€ional environment in hopes of 
using it for the prediction of areas of high gas production. 

The simultaneous use of Q-mode and R-mode analysis may help determine factors controlling the 
The ultimate use of statistical analysis sees the clustering of 
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10 GEOCHEMICAL CHARACTERIZATION OF THE DEVONIAN BLACK SHALE EGS-16 

TABLE 3. 
variation of listed variables with depth (99% 
confidence level, 45 variables, significant 
value of r = 2 0,328) 

Correlation coefficients showing the 

r Variables - 
Specific gravity -0.36 

Moisture -0.43 

Organic S -0.55 

Fe203 

Na20 

Chlorite 

-0.47 

-0.38 

0.41 

Boron 0.63 

Copper -0.36 

Barium -0.36 
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DENDROGRAM FOR T H E  C O T T A G E V I L L E  W E L L  11940 

DISSIMILARITY 
I 6 2 5  I 3 7 5  1 125 0 8 7 5  0 6 2 5  0 3 7 5  0 125  -0 125  

TOTAL C 
OR6 C 
COMBUST LTA 1 
B 
N I  

H 2  
TOTAL S 
PYR S 
O R G  S 
Cr . 

2 

c u  

M I N  C 

LO2 
CaO 3 
MnO 

Ba 

5 0 3  

LTA 4 
SP G R  

c 1  3 - c 2 0  
r2 1 - c 2 1  

5 

T 1 0 2  6 
MOISTURE 
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12 GEOCHEMICAL CHARACTERIZATION OF THE DEVONIAN BLACK SHALE 

DENDROGRAM FOR THE COTTAGEVILLE WELL 12041 

DlSSl MILARITY 

I I I I 1 I 1 I 
1 . 6 2 5  I .  3 7 5  1 .  1 2 5  0 .  8 7 5  0 . 6 2 5  0 .  3 7 5  0 . 1 2 5  - 0 .  1 2 5  

'T 
I I  

I, 
I 

'i 

TOTAL C 
ORG. C 

H 2  

TOTAL S 1 
PYR. S 
O R G .  S 
L T A  

MOISTURE 

A 1 2 0 3  2 
K20 
B 

CU 

Ba 3 
S r  

4 Fez03 
M o o  
M I N  C 

C 0 2  

C a0 5 
MnO 

so3 

SP G R  

HTA 6 
T 102 

N 2  
c1 - c 1 2  

c 1  3 - c 2 0  7 
Czfj-UP 
c 2  1 - c 2 7  

P 

8 NaZO 
N I  
SlO2 

p2° 5 
COMBUST. LTA 9 

EGS- 16 
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A PETFOLOGIC STUDY OF THE DEVONIAN SHALES FROM 
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ABSTRACT 

The X-ray mineralogy of the Devonian black shales collected from outcrops in central Tennessee 
and drillings in Kentucky and West Virginia, is simple and fairly uniform. 
consists mainly of chlorite, illite (muscovite), and quartz, with minor amounts of feldspars, carbon- 
ates, and pyrite. 

Petrographic and scanning electron microscopic (SEM) examinations show the occurrence of organic 
matter (spore, kerogen, bitumen, and woody fragments) and minerals such as gypsum, pyrite, halite, 
albite, sphalerite, calcium phosphate. SEM observations also show the presence of spaces among the 
phyllosilicate platelets and the authigenic minerals, and in the fine cracks. Futhermore the size 
and distribution of quartz grains can be revealed by using an SEM. 

The mineral assemblage 

INTRODUCTION 

U.S. ERDAfMorgantown Energy Research Center (MERC) has an ongoing multifaceted research project 
on the Devonian black shales in Ohio, Kentucky, Tennessee, Illinois, and West Virginia. This black 
shale, which in Tennessee is called Chattanooga Shale, was the object of much investigation in the 
1960's during the high activities of exploration for uranium minerals and petroleum (Swanson, 1960; 
Conant and Swanson, 1961; Hickman and Lynch, 1967). Attention is given now because of the association 
of this black shale with natural gas. 

Exploratory wells have been drilled, and more will be drilled, by ERDAfMERC in the mideastern 
states (West Virginia, Ohio, Kentucky, and Tennessee). Apparently, the entrapment of gas in the 
Devonian black shale is due to the presence of fracture systems, which are either open or partly mine- 
ralized (W.K. Overbey, Jr., 1976, pers. comm.). However, the presence of these fractures is not suf- 
ficient to account for the amount of gas recovered from the shale horizon encountered during drilling. 

One of the drilled wells is the Nicholas Combs well # 7239, located about 12 miles north of 
The lithologic log of this well has been described by Byrer and Hazard, Perry County, Kentucky. 

Trumbo (1976). 
Jackson County, near Cottageville, both in West Virginia (Byrer et al., 1976a; Byrer et al., 1976b). 

The purpose of the present study is to find if there are pore spaces, other than the fractures, 
which may act as additional spaces for the gas entrapment. We also want to know if the clay mineral 
assemblage and the organic matter indicate the diagenetic stage of this remarkable shale. To answer 
these questions, we examined selected samples from the completed wells and from outcrops in central 
Tennessee using X-ray diffraction, and optical and electron microscopy, with the emphasis on the last 
technique. 

Other ccmpleted wells are wells d 20403 drilled in Lincoln County, and # 11940 in 

* Present address: P.O. Box 33128, District Heights, Maryland 20028. 
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To our knowledge, only scant work has been presented in the literature on the fabric and grain- 
size distribution of indurated shales based on electron microscopic studies (O'Brien, 1968; 1970). 
Scanning electron microscopic (SEM) studies have been carried out by various investigators on other 
geologic materials such as quartz grains (Krinsley and Takahashi, 1962, 1964; Krinsley and Doornkamp, 
1973; Margolis and Krinsley, 1974; Almon et al., 1976), clay minerals (Borst and Keller, 1969; Bohor 
and Hughes, 1971), etch pits on quartz (Subramanian, 1975), coals (Finkelman et al., 1976; Greer, 
1977), and other rocks (Gillot, 1969; Pittman and Dischatko, 1970; Oehler, 1975). 

ANALYTICAL PROCEDURES 

Mineralogy and Petrography 

The identification of minerals by X-ray diffraction was based on the common procedures (Brown, 
1961; Warshaw and Roy, 1961; Biscaye, 1965; Carroll, 1970). Thin sections and polished sections were 
also prepared for petrographic examinations. 

Scanning Electron Microscopy 

Sample preparation for the SEM work was minimal. Rock chips of about 1 cm x 1 cm x 5 cm, broken 
parallel and perpendicular to the sedimentary layering, were mounted on aluminum stubs using epoxy 
glue or plastic cement. The mounted 
samples were then carbon-coated in an ETEC vacuum coater-evaporator. 
ined under an ETEC "Autoscan" scanning electron microscope at an operating voltage of 20 kilovolts. 

Fractured and polished surfaces were prepared for this study. 
The samples were directly exam- 

The identification of minerals was based on the X-ray fluorescence spectra detected by means of 
a NUCLEAR SEMICONDUCTOR Si(Li) energy dispersive crystal and a TRACOR NORTHERN NS-880 recorder. 

We examined samples of the Devonian black shales from two outcrops in Central Tennessee, MERC's 
wells 7239 (depth interval: 2529.47-2530.68 feet), # 20403 (depth interval: 3894.48-3895.07 feet) 
and f 11940 (depth interval: 3750-3750.35 feet). 

RESULTS AND DISCUSSION 

Petrography 

Microscopic examinations of thin sections show that the black shales consist mainly of quartz 
(about 30-40%), illite (muscovite) and chlorite (40-60%), and organic matter (1-3%). In minor amounts, 
feldspars, calcite (and possibly also dolomite), heavy minerals such as zircon, rutile, and pyrite 
also occur in the samples. 

In hand specimens as well as thin sections, the Devonian black shale is a dark, grey to black, 
finely laminated shale. 
grain size of quartz (average diameter of about 0.02 mm) and organic matter. 
occurs as black discrete particles (from less than 0.5 urn to 0.02 mm), and brownish yellow material 
forming stains (coating) on the groundmass (Fig. la). In addition, collapsed spores of about 0.2 to 
0.5 mm in diameter occur throughout some samples (Figs. lc and Id). Reddish brown organic matter 
(woody ? >  and thin-walled and possibly cuticular material occasionally occur in the rocks (Fig. Ib). 
A few of the spores are filled with authigenic minerals such as pyrite, carbonate, and quartz. Py- 
rite and gypsum may occur also as veinlets (Fig. If). Larese and Heald (1977) also pointed out that 
there are two kinds of spores; the thick and the thin-walled spores. 
barite and pyrite filling the spores. 

The laminations of 0.1 to 0.5 mm are due to the proportion and variation of 
The organic matter 

In their samples, they found 

The presence of highly birefringent phyllosilicate indicates that the mineral is muscovite (rath- 
er than illite as such). The discrete organic 
particles are presumably the insoluble kerogen (Figs. la and le), whereas the b@,mish stain is the 
organic matter soluble in a benzene-alcohol mixture. 

This is also indicated on the X-ray diffractograms. 

Mineralogy 

The X-ray mineralogy of  the minus 4 Irm fraction is fairly uniform and simple. All of our samples 
are composed mainly of chlorite, illite, quartz, and traces of feldspars and carbonates (calcite and 
dolomite). 
tograms. We did not attempt to 
do quantitative determination of the clay minerals, because at best, the result would be only an 

Pyrite, which was identified on polished sections, was not detected on the X-ray diffrac- 
Other minerals in minute amounts were detected by SEM examinations. 
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estimate of the relative abundance (van der Marel, 1966). However, we think that illite is present in 
greater abundance than chlorite because of the higher intensity of the illite basal reflections. 

The similarity in the mineralogy of the samples from different localities is obvious (Fig. 2). 
The simple assemblage chlorite-illite (which is actually fine-grained muscovite) and quartz is typi- 
cal of low-stage metamorphic pelitic rocks. 
and do not show the characteristic slaty cleavage development, typical of true metamorphic rocks. 
our samples, we did not find swelling clay minerals or kaolinite; the illite (001)-peak on the dif- 
fractograms shows a high degree of peakedness without showing any significant variation among the 
samples (Figs. 2 and 3). Observations led us to think that the phyllosilicates in the black shales 
are composed of relatively unaltered detrital muscovite and chlorite, the two phyllosilicates abun- 
dant in the metamorphic and igneous parent rocks of pre-Chattanooga time. 

However, the Devonian black shales are sedimentary rocks 
In 

The high degree of peakedness of the (001) reflection is related more to the original muscovite 
rather than to the newly formed illite in the sediments. For this reason, we use the term muscovite 
interchangeably with illite. With the samples available to us, it was not possible to use the width 
at half-peak height as an indicator of diagenetic stage as shown by other investigators on rocks of 
different ages (Kubler, 1968; Weber, 1972a, 1972b; McKirdy et al., 1975). 

The isolated kerogen from four samples of well # 7239 show, on the X-ray diffractograms, their 
non crystalline nature as indicated by the absence of diffraction peaks. Mature kerogen, i.e. kero- 
gen whi-ch has been subject to highgrade diagenesis or some degree of metamorphism, would have shown 
a certain degree of crystallinity. It would be indicated by the peaks occurring at about wangles 
of 26O, 43O, and 54O (Fig. 4). (McKirdy et al., 1975; Landis, 1971). 

Scanning Electron Microscopy 

Figures 5a, 5b, 5c, and 5d are the photomicrographs of a sample from well I/ 7239, broken at an 
angle of about 80° to the bedding plane. 
of the phyllosilicates is shown in figure 5c; authigenic gypsum is shown at the center of figure 5c 
and 5d. These photographs show the presence of pore spaces among the phyllosilicates and gypsum 
crystals. Dean and Ross (1976) reported the occurrence of gypsum in powdered shale as a product of 
the reaction between calcite and pyrite which were present in their samples. 
were freshly broken chips. 
in crystallinity of the phyllosilicates, especially illite. The abundance of organic matter within 
the shale may also promote the well developed fissility (O'Brien, 1970). 

The grain and grain-size distribution, especially of quartz, can be shown on polished sections. 

The fabric of shale with the primary preferred orientation 

However, our samples 
The well developed fissility shown in figure 5c is due to the high degree 

Because of the difference in polishing hardness of quartz and other constituents, quartz grains stand 
out pretty well. 
quartz. 
figures. Other photomicrographs (Figs. 9f and 10d) show the general appearance of quartz distribu- 
tion. 
graphic microscope, is shown in figure 10e. 

Figures 6a to 6d give us some idea of the morphology, size, and distribution of 
The presence of fine cracks parallel to the sedimentary layerings is also shown in those 

The lamination due to the variation of grain size of quartz, also recognizable under petro- 

It is understandable that an SEM would reveal the presence of mineral constituents in shales, 
previously unrecognizable under an optical microscope or detectable on X-ray diffractograms. On the 
basis of the X-ray fluorescence and back-scattered electron photomicrographs (Figs. 7a to 7g, and 
8a to 8d), we identified the presence of minerals such as pyrite (Fig. 9a), gypsum (Fig. 9b), halite 
(Fig. gc), albite (Fig. 9d), ZnS (most probably sphalerite, Fig. 9e), quartz (Fig. 9f), Ca-phosphate 
(Fig. 9g), and inclusions in spores (Figs. 9i and 10a). Indeed, it is not possible to identify min- 
erals with more complex formulas just on the basis of X-ray fluorescence alone; other means of iden- 
tification should be carried out to identify the mineral phases (Plant, 1976, p. 108; Finkelman, 1976). 

The identiflcation of organic matter (Figs. 9h, 10a, and lOc), under an SEM is not simple. 
Spores can be identified without too much difficulty, whereas the discrete organic particles (kerogen). 
or woody material can only be inferred from the back-scattered-electron photomicrographs of polished 
sections. In figures 8b and lob, for example, the fine, dark, round and vermicular spots are organic 
matter. 
than the presence of organic matter (Figs. 6b and 7e). 

On unpolished broken surfaces, the dark spots may be due to the morphological features rather 

During our SEM observations, we tried not to record just the aesthetically pleasing images, al- 
though admittedly we spent much time in looking at pyrite framboids! 
Greer (19771, have shown beautiful photomicrographs of pyrite in Iowa coals. 

Other investigators, such as 
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CONCLUSIONS 

The results of our preliminary work on the petrology of the Devonian black shales indicate that 
the mineralogy of this argillaceous rock is simple and fairly uniform, being composed mainly of 
chlorite, illite, and quartz, with traces of feldspars, carbonates, and pyrite. Investigation is 
being carried out on this shale by other researchers, such as J.J. Renton of the West Virginia Univer- 
sity, whose mineralogical results are essentially similar to ours (pers. comm., 1976). The clay 
mineralogy is well understood; however, we still intend to study the variation in the diagenetic stage 
using the reflectance of kerogen and the nature of illite as has been done on other rocks (Maxwell and 
Hower, 1967; Foscolos and Kodama, 1974; Foscolos et al., 1976; Diesel and Offler, 1975).  

Our SEM examinations revealed petrographic features previously unobserved. We have detected the 
presence of minute pore spaces and minerals, and have shownthe size and distribution of quartz by 
means of electron micrographs. 
with gypsum; whether these minerals indicate a hypersaline environment or just the product of diagen- 
esis, we do not know. During our SEM work, because of the high resolution of an SEM, we unwittingly 
may limit our observations. 

It is not clear to us how to explain the presence of pyrite coexisting 
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Figure 1. Photomicrographs of s e l e c t e d  Devonian b l ack  s h a l e s .  

(a)  Quar t z  ( l i g h t ) ,  p h y l l o s i l i c a t e s ,  and kerogen (b l ack ) .  P a r a l l e l  p o l a r i z e r s .  Sample c o l l e c t e d  4 m i l e s  
no r theas t  of Nashvi l le .  Sect ion perpendicular  t o  bedding. 
(?I, kerogen, and microcrack. P a r a l l e l  p o l a r i z e r s ;  sample c u t  perpendicular  t o  t h e  bedding, from w e l l  
/I11940 a t  depth i n t e r v a l :  3713.78-3714.43 f e e t .  (c)  Collapsed spore (thick-walled) i n  sample c o l l e c t -  
ed 9 m i l e s  east of Nashvi l le .  Crossed p o l a r i z e r s ;  s e c t i o n  c u t  perpendicular  t o  t h e  bedding plane.  (d) 
Spore i n  sample from w e l l  /I11940 a t  depth i n t e r v a l :  3750-3750.35 f e e t .  Pa ra l l e l  p o l a r i z e r s ;  s e c t i o n  
c u t  p a r a l l e l  t o  t h e  bedding plane.  Notice t h e  d i s c r e t e  organic  p a r t i c l e s  (kerogen),  and t h e  gene ra l  
dark c o l o r  of t h e  groundmass (bitumen). (e) P y r i t e  (black g r a i n s  a t  c e n t e r ) ,  kerogen, d e t r i t a l  qua r t z  
( l i g h t ) ,  and d e t r i t a l  p h y l l o s l l i c a t e s  ( f i n e  sh reds ) .  Sample, t h e  same as i n  Id ,  bu t  c u t  perpendicular  
t o  t h e  bedding plane.  P a r a l l e l  p o l a r i z e r s .  
sample from w e l l  /I7239 a t  depth i n t e r v a l :  2529.47-2530.68 f e e t .  P a r a l l e l  p o l a r i z e r s .  Sect ion c u t  per- 
pendicular  t o  t h e  bedding plane.  

(b) Thin-w,alled spo res ,  c u t i c u l a r  matter 

( f )  Ve in le t s  of p y r i t e  (dark) and gypsum ( l i g h t )  i n  a 
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a 
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28' 2 4' 20' 16' 12' 8' 4' 32' 

20 

Figure 2 .  X-ray diffractograms of the minus 4 um fraction. 

a. 

b. 

c. 

d. 

Sample collected from an outcrop, 4 miles northeast of Nashville 

Sample from well / I11940 at depth interval: 3445.1-3445.6 feet. 

Sample collected from an outcrop, 9 miles east of Nashville. 

Sample from well !I7239 at depth interval: 2529.47-2530.68 feet. 

C = Chlorite 
I = Illite 
G = Gypsum 
Q = Quartz 
F = Felspars 
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10 a-peak 

Fithian illite 

,.J- 
Figure 3. Comparison of the peakedness of the illite basal reflection 
in samples from well #11940 with that of illite from Fithian, Illinois. 

Sample no. 8: Depth interval: 3445.1-3445.6 feet 

Sample no. 22: Depth interval: 3610.9-3611.3 feet 

Sample no. 4 3 :  Depth interval: 3713.78-3714.43 feet 
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K e  r o g e n  

I I 1 
I I I I I 

I I I I I I I I 
22' 1 8" 14' lo" 38" 3 4 O  3 0' 26' 

20 

Figure 4 .  Typical X-ray diffractogram of kerogen isolated from 4 samples 
in w e l l  #7239 at depth intervals of: 

2379.61-2380.77 feet 
2468.58-2469.74 feet 
2559.58-2560.26 feet 
2599.88-2600.54 feet 

Only P (=pyrite) peaks show the presence of crystalline matter. The run 
from 40° to 60° (2eangle) is not shown. 
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- 
1 mm 

50 ym 

Figure 5 .  SEM photomicrographs of a sample from well 117239 
at depth interval of 2529.47-2530.68 feet. Sample was 
broken approximately perpendicular to the bedding plane. 
Photographs were taken at different magnifications. 
Note the presence of gypsum shown in figures c and d. 
A collapsed spore is shown at the center of figure C; 
this same photograph shows the well developed fissility 
of the sample. 
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Figure 6. SEN photomicrographs of a sample from well /I11940 
at depth interval: 
fications. 
size of quartz and the dimension of a microcrack. 
polished perpendicular to the bedding plane. 

3750-3750.35 feet, at different magni- 
These photographs give some idea about the grain 

Sample 
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0.1 mm 

Figure 7 .  Method of identifying minerals by means of X-ray 
fluorescence (elemental mapping) and back-scattered 
electron imagery. 

Figures a and b indicate the presence of calcium sulphate, 
also shown by the monJclinic crystals in figure d .  
Combination of figxes b and c indicates the presence of 
pyrite, also shown by the corresponding light spots in 
figure e. 

Figures f and g indicate the presence of illite, whereas 
figure g alone without the corresponding spots in figure f, 
in "cates the presence of quartz. 
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0.1 mm 

Figure 8. Method of identifying a mineral, similar to 
figure 7. 

S.e. = Secondary electron 

B.s.e. = Back-scattered electron 
The mineral is probably sphalerite rather than wurtzite. 
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a. 

b. 

C. 

d. 

e. 

f. 

g. 

h. 

i. 

Figure 9 .  Minerals detected by SEM in selected samples 
of the Devonian black shales. 

Pyrite in pore space among the phyllosilicate crystallites. Sample from well #20403.  

Gypsum crystal in a sample from well 117239. Another possible mineral would be anhy- 
drite; however, anhydrite is orthorhombic. The prismatic crystals in the figure 
indicate the presence of slanting (001) plane. 

Halite in a sample from well #20403.  

Authigenic albite in a sample from east of Nashville. 

Sphalerite in a sample from well #11940.  

Detrital quartz ir a sample from well 1111940. 

Calcium phosphate in a sam;<>e I r o m  an outcrop, 4 miles northeast of Nashville. 

Spore remain in a sample from well 117239. 

Quartz inclusion in a spore in a sample from well 1111940. 
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- 
40pm 

. 

8.lmm 50 

O.lmm 

Figure 10. SEM photomicrographs of polished chips 
well t11940. 

a and b. Section cut perpendicular to the bedding plane. The 

C. 

d. 

e .  

from 

inclusion in the spore is 
composed of Ca-Mg-Fe (ferroan dolomite?) .-Note the vermicular shape o f -  organic 
matter (woody?) and discrete black spots of kerogen in b. The bright spots are 
pyrite. 

Spore in a sample from well /ill940 cut and polished parallel to the bedding plane. 
Note the space around the spore. 

Quartz grains showing relief due to the difference in polishing hardness of quartz 
and phyllosilicates. 

Sedimentary lamination due to the difference in grain size of detrital quartz. 
Sample cut and polished perpendicular to the bedding plane. 
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PETROLOGY OF NEW ALBANY SH4I-E GROUP (UPPER DEVONIAN AND KINDW-KX)KIAN> 
IN THE ILLINOIS BASIN, A PRELIMINARY REPORT" 

R. D .  Harvey, W. A.  White, R. M. C l u f f ,  
J. K. F r o s t ,  and P. B. DuMcntelle 

I l l i n o i s  S t a t e  Geologica l  Survey 
Urbana, I l l i n o i s  61801 

ABSTRACT 

S tud ie s  of two co res  through t h e  New Albany Group of Upper Devonian and Kinderhookian (lower 
Miss j s s ipp ian )  age  i n  C h r i s t i a n  County, Kentucky, and Sangamon County, I l l i n o i s ,  based on radiography 
of s l a b s  and pe t rography of t h i n  s e c t i o n s ,  permi t  c l a s s i f i c a t i o n  of t h e  s h a l e  s t ra ta  i n t o  s e v e r a l  d i s -  
t i n c t  l i t h o f a c i e s .  L i t h o f a c i e s  are de f ined  on t h e  b a s i s  of c o l o r ,  t h e  c h a r a c t e r  of l amina t ions ,  syn- 
a e r e s i s  d i s t r i b u t i o n  and amount of p y r i t e ,  s i l t  and ca rbona te  c o n s t i t u e n t s ,  s p o r e  c o n t e n t ,  and small  
scale sedimentary and b iogen ic  s t r u c t u r e s .  C o r r e l a t i o n s  a r e  examined between v a r i o u s  l i t h o f a c i e s  and 
t h e  occurrence  and t h e  p r o p e r t i e s  of i n t e r n a l  s u r f a c e  area, t h e  c l a y  o r i e n t a t i o n ,  and o t h e r  p h y s i c a l  
p r o p e r t i e s  of t h e  s h a l e s .  L i t h o f a c i e s  p rov ide  a b a s i s  f o r  i n t e r p r e t i n g  t h e  environments of deposi-  
t i o n .  

INTRODUCTION 

The I l l i n o i s  S t a t e  Geo log ica l  Survey, w i t h  suppor t  of t h e  United S t a t e s  Energy Research and De-  
velopment Admin i s t r a t ion  (ERDA), has  under taken  a comprehensive i n v e s t i g a t i o n  of t h e  e x t e n s i v e  s h a l e  
s t r a t a  of t h e  New Albany Group (Upper Devonian and Kinderhookian) i n  t h e  I l l i n o i s  Basin.  These s t r a t a  
are commonly ve ry  da rk  gray  t o  b l ack  because of an abundance of o rgan ic  matter t h a t  occurs  as a n  i n t e -  
g r a l  p a r t  of t h e  s h a l e  mater ia l ;  t h u s  they are a p o t e n t i a l  sou rce  of hydrocarbons,  e s p e c i a l l y  of na t -  
u r a l  gas .  
g e o l o g i c a l  and geochemical. 
ects are: 1) s t r a t i g r a p h y  and s t r u c t u r e  of New Albany i n  I l l i n o i s ;  2) minera log ic  and pe t rog raph ic  
c h a r a c t e r i z a t i o n ;  3) a n a l y s i s  of p h y s i c a l  p r o p e r t i e s ;  and 4) mine ra l  r e sources  e v a l u a t i o n  system. The 
l a t te r  invo lves  t h e  development of a geo log ic  informat ion  system des igned  f o r  u s e  on an  IBM 360/75. 
The geochemical p r o j e c t s  are: 1) q u a n t i t a t i v e  de t e rmina t ion  of major ,  minor,  and t r a c e  e lements ;  2)  
trace element d i s t r i b u t i o n  between s h a l e  ino rgan ic  and o rgan ic  phases ;  3) mode of occur rence  and rela- 
t i o n  of d i s t r i b u t i o n  of hydrocarbon phases;  and 4 )  a d s o r p t i o n / d e s o r p t i o n  s t u d i e s  of gases  through 
s h a l e s .  

For t h i s  i n v e s t i g a t i o n ,  t h e  Survey ' s  a c t i v i t i e s  are d iv ided  i n t o  two major s tudy  a r e a s ,  
Each major area i s  subdiv ided  i n t o  f o u r  p r o j e c t s .  The g e o l o g i c a l  p ro j -  

Purpose of Study 

The p h y s i c a l  and chemical behavior  of t h e  bu lk  s h a l e  m a t e r i a l  r e s u l t s  from t h e  behavior  of t h e  
microscopic  c o n s t i t u e n t s  w i t h i n  t h e  s h a l e .  
n a t u r e  of t h e  f l u i d  f low,  d r i l l a b i l i t y ,  and p o t e n t i a l  f o r  recovery  of hydrocarbons-are fundamentally 
dependent on t h e  mine ra log ica l ,  pe t rog raph ic ,  and chemical p r o p e r t i e s  of t h e  s h a l e s .  The bulk  chemi- 
c a l  e lements  i n  t h e  s h a l e  occur i n  t h e  form of mine ra l  g r a i n s ,  d i s p e r s e d  o rgan ic  p a r t i c l e s  and f l u i d s ,  
and some s o l u b l e  sa l t s .  Mine ra log ica l  ana lyses  p rov ide  d a t a  t h a t  w i l l  be  h e l p f u l  f o r  e v a l u a t i o n  of 
t h e  chemical ana lyses  and some of t h e  p h y s i c a l  p r o p e r t i e s  of t h e  s h a l e s .  The pe t rog raph ic  a n a l y s e s  
p rov ide  m i c r o s t r u c t u r a l  and t e x t u r a l  p r o p e r t i e s  needed f o r  e v a l u a t i o n  of c e r t a i n  p h y s i c a l  and chemical 

The bu lk  p r o p e r t i e s  of importance-porosity,  pe rmeab i l i t y ,  

*The work r epor t ed  h e r e  w a s  done pursuant  t o  c o n t r a c t  number E-(40-1)-5203 w i t h  t h e  U.S. Energy Re- 
s e a r c h  and Development Admin i s t r a t ion .  
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p r o p e r t i e s .  
of geo log ic  d a t a  f o r  i n t e r p r e t a t i o n  of t h e  sedimentology, d e p o s i t i o n a l  environments,  and d i a g e n e t i c  
h i s t o r y ,  and f o r  e v a l u a t i o n  of hydrocarbon p o t e n t i a l .  

The d a t a  genera ted  w i l l  p rovide  a fundamental  b a s i s  f o r  r e g i o n a l  and l o c a l  c o r r e l a t i o n s  

Scope of Report  and S e t t i n g  

This  i s  a p re l imina ry  r e p o r t  on on ly  a p a r t  of the i n v e s t i g a t i o n .  It d e a l s  mainly w i t h  t h e  sec- 
ond geo log ic  p r o j e c t ,  t h e  mine ra log ic  and pe t rog raph ic  c h a r a c t e r i z a t i o n  of t h e  s h a l e s ,  and t o  a lesser 
e x t e n t  w i th  some tes t  d a t a  of t h e  p h y s i c a l  p r o p e r t i e s  and some of t h e  chemical a n a l y s e s  t h a t  were com- 
p l e t e d  du r ing  t h e  f i r s t  yea r  of t h e  p r o j e c t .  Also r e p o r t e d  are d a t a  and p re l imina ry  p e t r o l o g i c  i n t e r -  
p r e t a t i o n s  and e v a l u a t i o n s  of samples s t u d i e d  from two c o r e s  from t h e  I l l i n o i s  Basin: one from Sanga- 
mon County, I l l i n o i s ,  (SWg SW% NE% Sec. 11, T .  15 N . ,  R .  3 W.) (API 12-167-00115) nea r  Mechanicsburg, 
des igna ted  h e r e  a s  OlIL, and one from C h r i s t i a n  County, Kentucky, (650 f t  from North Line  and 90 f t  
from E a s t  L ine  of 12-G-25) (API 16-047-31175) 2 m i l e s  east  of Cro f ton ,  des igna ted  h e r e  as 01KY. The 
l o c a t i o n s  of t h e s e  two c o r e s ,  t h e  g e n e r a l  s t r u c t u r e  of t h e  New Albany s h a l e s ,  and some r e g i o n a l  tec-  
t o n i c  f e a t u r e s  are shown i n  f i g u r e  1. The e n t i r e  t h i c k n e s s  of t h e  New Albany i s  r ep resen ted  i n  bo th  
c o r e s  by samples s t u d i e d ,  142.6 f e e t  i n  t h e  O l K Y  c o r e  and 207.6 f e e t  i n  t h e  O l I L  co re .  T e n t a t i v e  cor- 
r e l a t i o n s  of l i t h o l o g i e s  sugges t  t h a t  t h e  upper 127 f e e t  i n  t h e  I l l i n o i s  c o r e  (sample 01IL13L1 and 
above) a r e  n o t  r ep resen ted  i n  t h e  Kentucky c o r e ,  and t h a t  approximately t h e  lower 18  f e e t  i n  t h e  
Kentucky c o r e  (samples 01KY12C and below) are n o t  p r e s e n t  i n  t h e  I l l i n o i s  co re .  

METHODS OF ANALYSES AND PROCEDURES 

Analyses 

The v a r i o u s  mine ra log ic  and pe t rog raph ic  p r o p e r t i e s  i n v e s t i g a t e d  f o r  t h i s  p r o j e c t  a r e  l i s t e d  i n  
t a b l e  1, and t h e  methods of ana lyses  and t h e  types  of seamples needed f o r  each a n a l y s i s  are a l s o  
l i s t e d .  Only some of t h e s e  ana lyses  w i l l  be  d i scussed  i n  t h i s  r e p o r t .  The mineralogy w a s  determined 
mainly by X-ray d i f f r a c t i o n  of powders and smoothed s l a b s  of t h e  c o r e  segments s e l e c t e d  f o r  s tudy .  
The X-rays were genera ted  from a copper t a r g e t  and passed through a g r a p h i t e  c r y s t a l  o r i e n t e d  s o  tha t  
only  t h e  Ka d i f f r a c t i o n  r a d i a t i o n  passes  through t h e  c r y s t a l  and i n t o  t h e  c o l l i m a t o r .  The samples 
were scanned a t  2 degree  20 pe r  minute.  
scale. 

The X-ray d i f f r a c t i o n  s i g n a l  w a s  se t  a t  500 counts  f u l l  

Various types  of microscopic  techniques  were used f o r  m i n e r a l o g i c a l  and o t h e r  analyses-espe- 
c i a l l y  t r a n s m i t t e d  l i g h t  microscopy of s p e c i a l l y  prepared  t h i n  s e c t i o n s  of t h e  s h a l e s  and v e r t i c a l  re- 
f l e c t e d  l i g h t  microscopy of po l i shed  s l a b s  and of s p e c i a l l y  p repa red ,  p a r t i c u l a t e  g r a i n  mounts. 

Radiographic ana lyses  were made of o r i e n t e d  s labbed  samples ( f i g s .  2 and 3) c u t  about % X 4 X 4 
inches  and X-rayed wi th  a P icke r  I n d u s t r i a l  Mini-Shot appa ra tus .  A rad iograph  c o n s i s t s  of a p l a t e  of 
type  M i n d u s t r i a l  X-ray f i l m  exposed t o  X-rays p a s s i n g  through the s l a b  sample f o r  3 minutes  a t  38 kV. 
D i f f e r e n t  p a r t s  of t h e  rad iograph  are exposed d i f f e r e n t l y  depending on t h e  r e l a t i v e  d e n s i t y ,  t e x t u r e ,  
and s t r u c t u r e  of d i f f e r e n t  p a r t s  of t h e  s labbed  sample. 

Procedure 

The p r e p a r a t i o n  of t h e  samples f o r  t h e  v a r i o u s  ana lyses  made f o r  t he  mine ra log ic  and pe t rog raph ic  
A c l a y  f r a c t i o n  (<2 pm) c h a r a c t e r i z a t i o n s  and f o r  t h e  chemical ana lyses  a r e  shown i n  f i g u r e s  2 and 3. 

was s e p a r a t e d  from a crushed sample f o r  c l a y  mine ra l  ana lyses .  The c l a y  w a s  d i s ,persed  i n  d i s t i l l e d  
water wi th  a d e f l o c c u l a n t  (80-percent sodium hexametaphosphate and 20-percent sodium carbonate)  and 
allowed t o  s t a n d  u n t i l  a l l  p a r t i c l e s  g r e a t e r  than  2 pm had s e t t l e d .  The top  40 mm were then  siphoned 
o f f ,  f l o c c u l a t e d ,  c e n t r i f u g e d  f o r  t e n  minutes ,  mixed, and smear (random o r i e n t e d  c l ay )  s l i d e s  of t h i s  
material were made. These s l i d e s  were allowed t o  dry  i n  a i r  and then  were p laced  i n  an  atmosphere of 
e thy lene  g l y c o l  f o r  one week b e f o r e  X-ray d i f f r a c t i o n  ana lyses  were made. The re la t ive abundances of 
t h e  v a r i o u s  c l a y  minerals i n  t h e  sample were determined by t h e  method used by Odom and Parham (1968). 

The c l a y  n i n e r a l  o r i e n t a t i o n  index  w a s  determined by X-ray d i f f r a c t i o n  of a smoothed s l a b  of t h e  
This  s e c t i o n  w a s  p l aced  i n  t h e  sample c u t  pe rpend icu la r  t o  t h e  bedding and mounted on a g l a s s  s l i d e .  

X-ray ho lde r  s o  t h a t  t h e  same beds (laminae) were X-rayed from 2.5 t o  22.5 degree  20. 
t h e  peaks a t  4 ,  8 .8 ,  12.5,  and 19.5 t o  20.0 degree  20 were determined. The o r i e n t a t i o n  index  i s  t h e  
r a t i o  of t h e  area of t h e  19.5 t o  20.0 peak t o  t h e  sum of t h e  a r e a s  determined f o r  t h e  o t h e r  l i s t e d  
peaks.  Depending on t h e  i n t e n s i t y  of t h e  peaks (001 and h k l ) ,  ad jus tments  f o r  some samples had t o  be 
made f o r  t h e  c e r t a i n  c l ay  mine ra l s  and micas p r e s e n t .  

The a r e a s  of 

Or ien ted  t h i n  s e c t i o n s ,  p repared  us ing  kerosene  l u b r i c a t i o n  du r ing  sawing and g r i n d i n g  s t a g e s ,  
were ground t o  about  60 pm on a t h i n - s e c t i o n  machine and hand ground t o  about  30 pm t h i c k .  They w e r e  
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covered with immersion oil and a cover glass only while being examined under the microscope. 

3 

An index of the hardness of the core material on a foot by foot basis was determined with a Shore 
scleroscope hardness tester. 
used to determine the hardness of metals, plastics, or other uniform materials. 
applicable to the needs of this project as a relative index to the hardness of the shales. 
able tester was placed firmly on the core and the hardness was determined. Twelve hardness measure- 
ments were made in an approximate square inch area of the core. The highest and lowest values were 
rejected, and the average of the remaining 10 tests was taken as the hardness index for that part of 
the core. An average hardness was determined at 1 foot intervals throughout the length of the core. 

This method is a dynamic rebound type of hardness test that is commonly 

The port- 
We judged it was 

The specific gravity was determined with a Jolly Balance on irregular pieces of the core, about 
314 inch across and from selected portions of the cores studied, and also by weight and volume meas- 
ures of several of the whole core segments, about 4 inches long, that were canned for off-gas analy- 
ses. Distilled water at room temperature was used as the displacing liquid in these determinations. 
The value determined is the bulk specific gravity; it is equivalent to the bulk density of the sample 
in grams per cubic centimeter. 

The methods used for the determination of the various chemical elements present in the samples 
are as follows: 

X-ray fluorescence - SiO2, Al2O3, Fe2O3, MgO, CaO, KzO, TiOz, P205, S 

Neutron activation - NaZO, Cr, Co, M n ,  Sc, U 
Photographic optical emission - Be, Cu, Pb, Mo, Ni, V, Zn, Zr 

Wet chemistry - Total C, mineral C ,  organic C (by difference) 

Ion selective electrode - F  

Informational and Unique Sample Numbering System 

A system of sample numbering was devised by the staff of the Illinois State Geological Survey for 

The first two of these indicate 
this project, and it is used in this report. 
first four ciphers identify the core from which the sample was taken. 
the numerical sequence of the core as it was drilled or selected for study within any one state. The 
third and fourth are abbreviations of the name of the state in which the core was drilled. The fifth 
and sixth ciphers of the unique sample number indicate the data set. 
Albany in the core is identified by a data set that is numbered in order starting at the top. 
seventh cipher is a letter designating the main purpose for which the sample was taken and analyzed. 

stands for lithologic studies, and "C" stands for chemical analyses of off-gases and constituent 
elements. At the drilling site, the C samples were sealed in canisters for off-gas analyses. Several 
other letters are used on this project by other investigators at the Survey. The last cipher in the 
number indicates the specific number of the sample, lithologic or chemical, taken from that data set 
interval of the core. In the case of lithologic samples, L1 samples are selected by a geologist 
during examination of the core to be representative of the predominant lithology in that data set, and 
L2, L3, etc. are taken of accessory lithologies as needed. Thus, for example, the sample number 
OlIL02L2 identifies the second, or accessory lithologic sample taken from the interval 20.0 to 29.9 
feet down into the New Albany from the OlIL core. 
phers can be keyed to the 9-digit API identification to identify the specific location of the core. 

The unique sample number consists of 8 ciphers. The 

Each 10-foot interval of the New 
The 

1 1  11 L 

In a fully computerized system, the first four ci- 

RESULTS 

Petrography-Macrocharacterization 

The macroscopic characterization of the samples from the OlIL core are listed in table 2 and from 
the O l K Y  core, in table 3. The sample numbers listed in these tables and in subsequent tables are the 
last four ciphers of the complete and unique sample number assigned to each. 
characteristics listed in tables 2 and 3 are abbreviated, or are listed in symbolic terms that are de- 
fined in the footnotes to table 2. The data are based on visualstudies, aided with a 10-power micro- 
scope, of slabs of the samples and on studies of the radiographs. 

Many of the specific 

Most of the samples are strikingly laminated; the laminations vary in thickness from fine (UP to 
The OlIL samples are more commonly massive; while the 2 mm thick) to massive (more than 25 mm thick). 

O l K Y  samples are predominantly laminated with thickness of  laminae mainly less than 10 millimeters. 
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4 PETROLOGY OF NEW ALBANY SHALE GROUP EGS- 18 
Synaeresis joints are irregular polygonal systems of joints or cracks that are now filled with a 

secondary (diagenetic) mineral. 
linear form and predominant vertical orientation; they cross but a few beds of shale. 
strike in a random pattern in horizontal sections. 
16 samples of OlIL and in 16 of the 25 samples of O l K Y  (for example, see plate 3 B ) .  
aeresis joints are rather short, about 5 to 10 millimeters, and are crooked in vertical section. Less 
abundant are calcite-filled joints; these are much more planar in form and are longer than the pyritic 
joints. 
firmed . 

They are recognized in radiographs and in slabs of the rocks by their 
These joints 

Most of the syn- 
We have recognized synaeresis joints in 8 of the 

We suspect that some of the short, crooked ones contain siderite, but this has not been con- 

The OlIL samples are mainly dark greenish gray with a few that are olive black, or brownish 
black, or grayish black; the OlKY samples are predominantly brownish black with a few that are olive 
gray, or olive black, or gray black, or black. The OlIL samples are mostly strongly bioturbated, 
while bioturbation is rarely present in the OlKY samples. 
than 5 in number in OlIL samples, while they are generally 5 to 25 in number in the OlKY samples. 

Pyrite nodules are generally absent or less 

Petrography-Microcharacterization 

Despite the fine grain size of the samples, a number of features can be characterized with a 
petrographic microscope. Foremost among these features is the character of silt and fine sand-sized 
fraction of the rock. The relative proportions of clay, quartz, pyrite, carbonate, and coarse micas 
can be visually estimated within 10 percent if the thin section is ground to about 20 vm (if standard 
thickness sections are prepared, it is best to feather one edge slightly). Feldspars are usually in- 
distinguishable from quartz, although within some coarse-silt laminae occasional twinned grains are 
visible. Accessory minerals, such as glauconite and zircon, are also occasionally present. The dis- 
tribution of the various silt components is also visible. Typically, most of the silt is randomly 
dispersed throughout the shale. 
(plate lA); in the nonlaminated lithologies, silt is sometimes concentrated within burrow fillings 
(plate 1B). 

In the laminated lithologies, thin silt laminae are very common 

The average and maximum size of quartz grains (as viewed in thin section) are recorded as a rough 
indicator of current velocities. For nearly all of the samples studied the average size is about 
25 pm and the maximum about 50 pm. Most grains are subangular to subrounded, as would be expected at 
these grain sizes (no significant abrasional rounding occurs at diameters below about 50 pm). 
unusual occurrence of rounded silt grains segregated within a burrow fill is illustrated in plate 1C. 

One 

A variety of diagenetic features are characterized from thin-section analysis. Pyrite occasion- 
ally fills the central cavities of spores and other microfossils, and it has preserved them in an 
uncompressed state. Fine-grained, sparry carbonate cements are common as interparticle fillings in 
silt laminae and as intraparticle fillings in fossils. 
the "Glen Park" Formation in the OlIL core commonly display neomorphic growth of microspar. Pressure 
solution and corrosion of silt-grain boundaries are also common in some samples. 
including the compression of spores and deformation of synaeresis joints, were observed in almost all 
samples. 

Micritic (calcite) shales in the upper part of 

Compaction features, 

A variety of microfossils and fossil fragments are present in the shale and can be identified in 
thin section. 
one thick-walled and the other thin-walled (plate ID). 
ulate brachiopod fragments (plate 1E) , and calcispheres (plate 1F) , are rare components of the shale 
but occur in great numbers in a few samples. 
than spores, occur abundantly dispersed in the brownish-black shales. They are commonly about 5 pm in 
size and consist mainly of undifferentiated liptinite, some vitrinite, and a few inertinite particles. 

Spores are the only abundant fossil and two different types usually occur together: 
Conodonts, phosphatic fish scales and inartic- 

A variety of macerals, or plant-derived fragments other 

Mineralogy 
Analyses of the identity and relative abundance of the minerals present in the samples are essen- 

tially complete. 
occurs as silt grains and as rare and irregular chalcedonic patches. 
are silt-size grains that were detected in minor abundances in all samples but one (01IL2OLl). 
als that are minor constituents in many OlIL samples are calcite, dolomite, and pyrite; in many OlKY 
samples calcite is a minor constituent, usually occurring in late stage of synaeresis joints. Trace 
minerals that occur in several samples are apatite (or siderite) and marcasite. 
served at 9.4 f indicates that basaluminite, ideally A1,S04(OH)lo*5H20 (Hollingworth and Bannister, 
1950), may be present in the two deepest samples from the New Albany in the O l K Y  core. 
mineral constituent and its associated mineral, calcite, are the only minerals whose occurrence is re- 
lated to depth in the core. 

The samples from both of the cores are rich in illite-type clay and quartz, which 
Plagioclase andfor K-feldspar 

Miner- 

A strong peak ob- 

This trace 
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The main d i f f e r e n c e s  i n  t h e  mineral  composition of t h e  samples of t h e  two co res  are: c h l o r i t e  

is  r e l a t i v e l y  abundant i n  t h e  O l I L  co re ;  dolomite,  s i d e r i t e ,  and/or a p a t i t e  are more o f t e n  p resen t  i n  
the  O l K Y  than i n  t h e  O l I L  core .  
composition of t h e  two co res  i s  shown i n  t h e  t r i a n g u l a r  diagram, f i g u r e  4. 

K a o l i n i t e  was no t  de t ec t ed  i n  any of t h e  samples. The c l ay  mineral  

Chemical Analyses 

Prel iminary r e s u l t s  of t h e  major,  minor, and some trace elements f o r  t h e  O l I L  samples are l i s t e d  
i n  t a b l e  4 and f o r  t h e  O l K Y  samples i n  t a b l e  5.  
values  and s u b j e c t  t o  being r e v i s e d .  
o p t i c a l  emission are suspected of having a high b i a s ;  r e s t a n d a r d i z a t i o n  of t h e  method is  c u r r e n t l y  i n  
progress .  The d a t a  are presented h e r e  only t o  show gene ra l  t r ends  i n  t h e  concen t r a t ions .  

We want t o  emphasize t h a t  they are prel iminary 
I n  p a r t i c u l a r ,  t h e  r e s u l t s  that  were analyzed by photographic 

The r e s u l t s  i n d i c a t e  t h e  trace elements are gene ra l ly  h ighe r  i n  t h e  Kentucky co re  than i n  t h e  
I l l i n o i s  core .  I n  s p i t e  of t h e  suspected high b i a s  of some of the elements, inc lud ing  Mo, t h i s  ele- 
ment i s  e s p e c i a l l y  high i n  s e v e r a l  of t h e  O l K Y  samples. Sample OlKYO7C1 con ta ins  t h e  h ighes t  concen- 
t r a t i o n  of Mo; s e v e r a l  o t h e r  trace elements are a l s o  r e l a t i v e l y  abundant i n  t h i s  sample (Pb, N i ,  U ,  V ,  
and Zn). F luo r ine  (F) and phosphorus, reported as P205,  are e s p e c i a l l y  abundant i n  01KY05C1 i n  asso- 
c i a t i o n  wi th  calcium. Together they occur i n  t h e  abundant f o s s i l  fragments observed pe t rog raph ica l ly  
i n  t h e  sample. Sample 01IL07L1 con ta ins  a r e l a t i v e l y  high concen t r a t ion  of calcium, which occurs  as 
c a l c i t e  (CaCOJ). Of t h e  t r a c e  elements i n  t h e  I l l i n o i s  samples, t h e  concen t r a t ions  of z inc  (Zn) are 
r e l a t i v e l y  high i n  01ILlOLl; lead (Pb) and n i c k e l  are r e l a t i v e l y  high i n  01IL21L1 ( t a b l e  4 ) .  

Physical  P r o p e r t i e s  

The r e s u l t s  of t h e  hardness ,  s p e c i f i c  g r a v i t y ,  and c l a y  o r i e n t a t i o n  index measurements f o r  t h e  
O l I L  co re  are l i s t e d  i n  t a b l e  6 and f o r  t h e  O l K Y  co re ,  i n  t a b l e  7.  The Shore hardness  d a t a  l i s t e d  
f o r  t he  samples i s  t h e  average va lue  f o r  t h e  foo tage  i n  t h e  co re  c l o s e s t  (w i th in  one f o o t )  t o  t h e  
p o s i t i o n  of t h e  sample analyzed f o r  petrography and chemical tes ts .  
obtained f o r  many of t h e  samples s tud ied  i n  t h e  O l I L  co re  because t h e r e  were but  a few l a r g e  core seg- 
ments a v a i l a b l e  i n  t h e  co re ,  and most of t h e s e  w e r e  s labbed f o r  radiography r a t h e r  than used f o r  hard- 
ness  tests. The d a t a  show a range i n  hardness from 20.2 t o  22.7 f o r  t h e  O l I L  samples and 21.4 t o  24.6 
f o r  t h e  O l K Y  samples. 

Shore hardness d a t a  could not  be 

The s p e c i f i c  g r a v i t y  ranges from 2.32 t o  2.50 f o r  t h e  O l I L  samples and a g r e a t e r  range of 2.2 t o  

The c l a y  o r i e n t a -  
2.70 f o r  t h e  OlKY samples. 
one sample from t h i s  core  t e s t i n g  up t o  7.4 a t  one p o i n t  i n  t h e  sample (01IL21L1). 
t i o n  index f o r  t h e  OlKY samples show a much smaller range of 1 . 4  t o  2.7. 

The c l a y  o r i e n t a t i o n  index v a r i e s  from 1.0 t o  5.3 i n  t h e  OlIL samples t o  

D I S C U S S I O N  OF RESULTS 

Clay Mineralogy 

Analyses of t h e  c l ay  mineralogy are complete on too  few l o c a t i o n s  w i t h i n  t h e  I l l i n o i s  Basin,  and 
t h e  s t r a t i g r a p h i c  c o r r e l a t i o n s  between t h e  two co res  s tud ied  are too  l i t t l e  known t o  draw conclusions 
regarding t h e  d i r e c t i o n  of sediment t r a n s p o r t  as w a s  proposed by Parham (1962, 1966). However, t h e  
absence of k a o l i n i t e  suggests  e i t h e r  t h e  s h a l e s  were deposi ted a t  some cons ide rab le  d i s t a n c e  from t h e  
s h o r e l i n e ,  o r  some of t h e  f e l d s p a r  and/or  mica, occurr ing i n  t h e  samples,  are a l t e r a t i o n  products  from 
k a o l i n i t e  t h a t  might have been deposi ted i n  t h e  o r i g i n a l  sediment. 
vored because of t h e  f ineness  of t h e  g r a i n  s i z e  and t h e  absence of s i g n i f i c a n t  au th igen ic  s i l i c a t e  
mineral  g r a i n s  i n  observat ions t o  d a t e .  According t o  the t r e n d s  observed by Parham (1966), t h e  rela- 
t i v e  abundance of c h l o r i t e  i n  t h e  samples s tud ied  suggest  t h e  Kentucky l o c a t i o n  w a s  c l o s e r  t o  t h e  
s h o r e l i n e  than was the I l l i n o i s  l o c a t i o n  a t  t h e  t i m e  of depos i t i on  of t h e  New Albany. 

The former i n t e r p r e t a t i o n  i s  fa-  

The abundance, 2.5 p a r t s  and above, of mixed-structure c l a y s  i n  t h r e e  of t h e  O l K Y  samples might 
be due t o  t h e  abundance of o rgan ic  matter i n  these  samples. 
s u r f a c e  of t hese  small c l ay  c r y s t a l s ,  they would no t  be a b l e  t o  inco rpora t e  K o r  MgOH i n t o  t h e i r  crys- 
t a l  s t r u c t u r e  as needed t o  form i l l i t e  o r  c h l o r i t e  r e s p e c t i v e l y .  

I f  organic  matter w a s  absorbed on t h e  

The unusual occurrence of basalumini te ,  a hydrous aluminum s u l f a t e  reported he re  i n  two samples 
a t  t he  base of t h e  New Albany i n  t h e  O l K Y  co re ,  was previously observed i n  outcrops many m i l e s  sou th  
of t h i s  w e l l  by Milton e t  a l .  (1955). 
was i n t e r p r e t e d  as  a zone of weathering. 
O l K Y 1 2 C 1 ,  13C1) does not  reveal  any s i g n s  of weathering, but they do con ta in  cons ide rab le  amounts of 
c a l c i t e ,  which may be a s soc ia t ed  wi th  t h e  basalumini te .  

They observed t h e  mineral  t o  occur i n  a clayey residuum, which 
Our s tudy of t h e  samples bea r ing  basalumini te  (OlKY13Cl and 

Fur the r  work on t h i s  occurrence i s  needed. 
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Clay O r i e n t a t i o n  Index 

EGS- 18 

The o r i e n t a t i o n  index  ( t a b l e s  6 and 7 )  i n d i c a t e s  how randomly t h e  c l a y  p a r t i c l e s  are o r i e n t e d  i n  
t h e  s h a l e .  A p e r f e c t l y  f l o c c u l a t e d  c l a y  should  have a l l  t h e  c l a y  mine ra l s  o r i e n t e d  i n  a completely 
random arrangement.  I f  some d e f l o c c u l a t i o n  t a k e s  p l a c e  a f t e r  s ed imen ta t ion ,  some of t h e  a t t r a c t i v e  
f o r c e s  between t h e  p a r t i c l e s  w i l l  be weakened, and some of t h e  r e p u l s i v e  f o r c e s  w i l l  be inc reased .  
This  a c t i o n  a l lows  some of t h e  plate-shaped p a r t i c l e s  t o  r e o r i e n t a t e  more o r  l e s s  p a r a l l e l  t o  t h e  hor- 
i z o n t a l .  The more p e r f e c t  is  t h e  h o r i z o n t a l  o r i e n t a t i o n ,  t h e  more e a s i l y  t h e  s h a l e  s p l i t s  a long  t h e  
bedding p l anes .  
g e n e s i s .  

The o r i e n t a t i o n  index  is  a c l u e  t o  t h e  environments of d e p o s i t i o n  and e a r l y  d i a -  

I n  t h e  OlIL c o r e ,  t h e  c l a y  o r i e n t a t i o n  index  ( t a b l e  6)  i s  found t o  be  r e l a t i v e l y  low, down t o  
about t h e  1660-foot l e v e l ,  which i n d i c a t e s  a low degree  of p a r a l l e l  o r i e n t a t i o n  of t h e  c l a y  p l a t e l e t s  
i n  t h e s e  s h a l e s .  Th i s  may b e  due t o  e i t h e r  t h e i r  be ing  depos i t ed  i n  a f l o c c u l a t e d  c o n d i t i o n  o r  t o  
e x t e n s i v e  burrowing of t h e  sediment by organisms. The lower p a r t  of t h e  OlIL c o r e  g e n e r a l l y  has  a 
h igh  index ,  i n d i c a t i n g  more p r e f e r r e d  o r i e n t a t i o n  of t h e  p l a t e l e t s  i n  t h e  h o r i z o n t a l  d i r e c t i o n  i n  t h i s  
p a r t  of t h e  New Albany. 

I n  t h e  O l K Y  samples t h e  o r i e n t a t i o n  i n d i c e s  g e n e r a l l y  show dec reas ing  p a r a l l e l i s m  wi th  depth  down 
t o  about t h e  2280-foot l e v e l  (sample 09C1, t a b l e  7 ) ,  where t h e  c o r r e l a t i o n  wi th  depth  appears  t o  re- 
v e r s e .  

Petrography 

Synae res i s  

suspens ion  o r  g e l  are g r e a t e r  than  t h e  r e p u l s i v e  ones. 
pens ion  produces t e n s i o n  i n  t h e  p a r t i c l e  network. A s  t h e  chemical environment of t h e  i n t e r s t i t i a l  
l i q u i d  changes,  t h e  r e l a t i v e  s t r e n g t h  of t h e  a t t r a c t i v e  and r e p u l s i v e  f o r c e s  between t h e  p a r t i c l e s  
changes,  and c racks  form i n  t h e  sediment a t  o r  nea r  t h e  wa te r  i n t e r f a c e .  The f o r c e s  a r e  thought t o  
remain throughout t h e  d i a g e n e t i c  h i s t o r y  of t h e  sediment.  

Synae res i s  i s  a physio-chemical process  i n  which t h e  a t t r a c t i v e  f o r c e s  between t h e  p a r t i c l e s  of a 
This  a t t r a c t i o n  between p a r t i c l e s  i n  t h e  SUS- 

Over 90 y e a r s  ago, S a l i s b u r y  (1885, p .  287)  recognized  s y n a e r e s i s  polygons i n  P l e i s t o c e n e  sed i -  
ments a long  t h e  Wisconsin River .  I n  1934, J t n g s t  s t a t e d  t h a t  s y n a e r e s i s  could produce such S t r u c t u r e s  
as p i t s  and mounds o r  cones,  c r acks  and s t r u c t u r e s  s imi la r  t o  h a i l  and r a ind rop  impress ions .  
(1961) recognized  two s t a g e s  of d i a g e n e s i s ,  e a r l y  and l a t e ,  and t h a t  s y n a e r e s i s  occur red  i n  bo th  
s t a g e s .  
minutes .  White (1964) found t h a t  t h e  f i r s t  ca rbona te  t h a t  was p r e c i p i t a t e d  i n  t h e  c racks  w a s  s i d e r -  
i t e ,  nex t  f e r ro -do lomi te ,  and l a s t  ca lc ium carbonate .  

Abromov 

I n  1961 White found t h a t  i n  l a b o r a t o r y  exper iments  c racks  might s t a r t  t o  develop w i t h i n  30 

We have found i n  t h e  samples s t u d i e d  t h a t  t h e  e a r l y  s y n a e r e s i s  j o i n t s  are f i l l e d  w i t h  p y r i t e ,  and 
We i n t e r p r e t  t h i s  crookedness t o  have developed du r ing  compaction, bu t  they  have a very  crooked form. 

b e f o r e  t h e  format ion  of l a t e - s t a g e  j o i n t s .  
calci te ,  and they  are much s t r a i g h t e r  and are n e a r l y  v e r t i c a l .  
du r ing  a post-compaction s t a g e  of d i a g e n e s i s .  

The l a t e - s t a g e  s y n a e r e s i s  j o i n t s  observed a r e  f i l l e d  wi th  
These are i n t e r p r e t e d  t o  have formed 

Some j o i n t  systems i n  sedimentary rocks  probably are a r e s u l t  of combined s y n a e r e s i s  and r e g i o n a l  
stresses. 
of t h e  o r i e n t a t i o n  of t h e  r e s u l t i n g  c racks .  

Synae res i s  produces some t e n s i o n  i n  t h e  rocks  and r e g i o n a l  s t r e s s e s  may have some c o n t r o l  
This  s u b j e c t  i s  d i scussed  f u r t h e r  by Abromov (1961). 

The occurrence  of c a l c i t e - f i l l e d  s y n a e r e s i s  j o i n t s  sugges t s  t h a t  a c i d  t r ea tmen t  of w e l l s  d r i l l e d  
i n  t h e  New Albany t o  d i s s o l v e  t h e  c a l c i t e  might prove  t o  be  e f f e c t i v e  i n  c r e a t i n g  f r a c t u r e s  c ros s -  
c u t t i n g  s h a l e  and s i l t s t o n e  s t r a t a ,  and thereby  might i n c r e a s e  t h e  r a t e  of f low of  hydrocarbons i n t o  
t h e  w e l l .  

The concept of pe t rog raph ic  l i t h o f a c i e s  and i t s  a p p l i c a t i o n  t o  s h a l e s  

y e a r s  as a method of c h a r a c t e r i z i n g  s u b t l e  v a r i a t i o n s  i n  the f a b r i c  and t h e  composition of sands tones  
and ca rbona te  rocks .  This  concept has  proven t o  be extremely v a l u a b l e  i n  i n t e r p r e t i n g  t h e  deposi-  
t i o n a l  and d i a g e n e t i c  h i s t o r y  of t h e s e  rock  types ,  b u t  t h e  d i f f i c u l t i e s  of t h e  microscopic  s tudy  of 
s h a l e s  i n  t h i n  s e c t i o n  have l a r g e l y  prevented  i t s  a p p l i c a t i o n  t o  s h a l e s .  
p o r t u n i t y  t o  apply  t h i s  concept t o  t h e  s tudy  of s h a l e s  by u s i n g  a wide v a r i e t y  of methods of a n a l y s i s .  
The v a r i a t i o n s  i n  mine ra log ic  and pe t rog raph ic  c h a r a c t e r i s t i c s  of t h e  samples s t u d i e d  permi t  t h e i r  
s u b d i v i s i o n s  i n t o  s e v e r a l  d i s t i n c t i v e  l i t h o l o g i e s .  
t o  l i t h o l o g i e s  de f ined  on t h e  b a s i s  of t h i n - s e c t i o n  pe t rography,  w e  p r e f e r  t o  use  t h e  more g e n e r a l  

Sedimentary pe t rog raphe r s  have used t h e  mic ro fac i e s  concept ( T e x t o r i s  and Carozz i ,  1964) f o r  many 

This  s tudy  p r e s e n t s  an  op- 

S ince  t h e  term mic ro fac i e s  most s t r i c t l y  a p p l i e s  
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term l i t h o f a c i e s  i n  t h i s  r e p o r t .  

7 

Stud ies  of sedimentary f a b r i c s  i n  r e c e n t  muds from v a r i o u s  d e p o s i t i o n a l  s e t t i n g s  (Moore and Scru- 
t o n ,  1957)  and t h e  i n t e r r e l a t i o n s h i p s  between organisms and muddy s u b s t r a t e s  (Rhoads, 1974) have 
g r e a t l y  inc reased  our  unders tanding  of sma l l - sca l e  s t r u c t u r e s  i n  mudrocks. These s t u d i e s ,  and o t h e r s ,  
have e s t a b l i s h e d  s e v e r a l  f a c t o r s  t h a t  c o n t r o l  t h e  n a t u r e  of t h e  sediment depos i t ed  i n  a wide v a r i e t y  
of environments.  These f a c t o r s  are: 1) sediment sou rce ;  2)  p h y s i c a l  p rocess  of d e p o s i t i o n ;  3) ra te  
of d e p o s i t i o n ;  and 4 )  reworking by sed iment - inges t ing  organisms. The l a t t e r  i s ,  i n  t u r n ,  c o n t r o l l e d  
by a number of o t h e r  c o n d i t i o n s ,  such  as oxygen c o n t e n t  and s a l i n i t y  of t h e  water. 

The s e p a r a t i o n  of s h a l e s  i n t o  l i t h o f a c i e s  de f ined  on t h e  b a s i s  of t e x t u r e ,  small-scale sedimen- 
t a r y  s t r u c t u r e s ,  and b iogen ic  s t r u c t u r e s  has  t h e  p o t e n t i a l  of r e v e a l i n g  s u b t l e  changes i n  oxygenation, 
c u r r e n t  a c t i v i t y ,  and depth  of t he  waters i n  which t h e  rocks  were depos i t ed .  F u r t h e r  s e p a r a t i o n  by 
mine ra log ica l  composition and d i a g e n e t i c  s t r u c t u r e s  ( such  as s y n a e r e s i s  j o i n t s )  may reveal d i f f e r e n c e s  
i n  t h e  sou rce  area and e a r l y  b u r i a l  h i s t o r y  of t h e  sediment.  
and b iogen ic  sed imentary  s t r u c t u r e s  and t h e  environment of d e p o s i t i o n  are g e n e r a l l y  b e t t e r  understood 
than  t h e  c o n t r o l s  on p h y s i c a l  and chemical p r o p e r t i e s ,  t h i s  approach may p rov ide  new i n s i g h t s  on those  
c o n t r o l s .  

Because t h e  r e l a t i o n s  between p h y s i c a l  

L i t h o f a c i e s  of t h e  New Albany 

( t a b l e  8 ) .  
t i o n ,  d e f i n i n g  f o u r  broad l i t h o l o g i e s  ( types  I ,  11, 111, and IV). Each l i t h o l o g y  h a s  been d iv ided  in-  
t o  two subca tegor i e s  on t h e  b a s i s  of s y n a e r e s i s ,  degree  of b i o t u r b a t i o n ,  form and d i s t r i b u t i o n  of py- 
r i t e ,  s i l t  con ten t  and minera logy ,  and t h e  abundance of spo res .  The samples s t u d i e d  a r e  i d e n t i f i e d  as 
t o  mic ro fac i e s  i n  t h e  l a s t  column i n  t a b l e s  2 and 3 .  

The s h a l e  l i t h o f a c i e s  de f ined  i n  t h i s  paper  were chosen by c h a r a c t e r i z i n g  seven  b a s i c  p r o p e r t i e s  
The c o l o r  of t h e  rock  and t h e  degree  of l amina t ion  form t h e  backbone of t h e  c l a s s i f i c a -  

Because a t  t h i s  t i m e  on ly  about 40 samples from two c o r e s  have been examined, i t  i s  almost cer -  
t a i n  t h a t  n o t  a l l  of t h e  l i t h o f a c i e s  p r e s e n t  i n  t h e  s h a l e s  of t h e  New Albany have been observed, nor 
perhaps have a l l  of t h e  f e a t u r e s  t h a t  may prove u s e f u l  i n  d e f i n i n g  l i t h o f a c i e s  been recognized .  Fur- 
thermore,  i t  i s  recognized t h a t  t h e  c h a r a c t e r i s t i c s  chosen t o  d e f i n e  l i t h o f a c i e s ,  and t h e  l i t h o f a c i e s  
themselves ,  a r e  p a r t l y  s u b j e c t i v e  and depend upon t h e  t echn iques  t h a t  a r e  used t o  s tudy  t h e  s h a l e .  An 
example of t h i s  i s  the  e x t e n s i v e  development of s y n a e r e s i s  f r a c t u r e s  observed i n  many samples,  which 
w e  judged impor tan t  enough t o  war ran t  t h e i r  s e p a r a t i o n  i n t o  d i s t i n c t  l i t h o t y p e s .  The r e c o g n i t i o n  of 
e x t e n s i v e  s y n a e r e s i s  i s  dependent upon r o u t i n e  rad iography of t h e  c o r e  samples;  many s y n a e r e s i s  j o i n t s  
are i n v i s i b l e  on the  c o r e  i t s e l f  and they are n o t  very  s t r i k i n g  i n  t h i n  s e c t i o n .  

L i t h o f a c i e s  I :  B i o t u r b a t e  greenish-gray mudstones. This  l i t h o f a c i e s  is  c h a r a c t e r i z e d  by ex ten-  
s i v e  b i o t u r b a t i o n ,  an  absence of l amina t ions  and o t h e r  primary sed imentary  s t r u c t u r e s ,  and by i t s  very  
l i g h t  c o l o r .  P l a t e  2 i l l u s t r a t e s  t h e  s w i r l i n g  t e x t u r e ,  which i s  t h e  r e s u l t  of sediment mixing by bur- 
rowing organisms. D i s t i n c t  burrows a r e  n o t  v i s i b l e  on t h i s  rad iograph ,  because t h e  composi t iona l  d i f -  
f e r e n c e  between burrow f i l l i n g  and m a t r i x  is  very  s l i g h t .  
i t s e l f  by t h e i r  d i s t i n c t l y  l i g h t e r  c o l o r .  

Burrows can be d i s t i n g u i s h e d  on t h e  c o r e  

P y r i t e  i s  a very  minor component of t h i s  l i t h o f a c i e s  and is  e s s e n t i a l l y  conf ined  t o  burrow 
f i l l i n g s  and t o  a few s y n a e r e s i s  j o i n t s .  
s t u d i e d  s o  f a r  have ranged from 0 .0  t o  0.9 p e r c e n t  carbon. 
p r i m a r i l y  on t h e  s i l t  con ten t  of  t h e  mudstone: 

Type I - A  - under 25 pe rcen t  s i l t  and 

Type I-B - over 25 pe rcen t  s i l t  ( ranging  up t o  a r g i l l a c e o u s  q u a r t z  s i l t s t o n e s ) .  

Organic carbon con ten t  of t h e  rock  i s  q u i t e  low, t h e  samples 
Two subca tegor i e s  have been e s t a b l i s h e d  

The s i l t  i n  a l l  samples was dominantly q u a r t z  and f e l d s p a r ,  w i th  ca rbona te  s i l t  be ing  a very  m i -  
nor  f r a c t i o n  of t h e  t o t a l  and l a r g e l y  conf ined  t o  a few laminae.  

L i t h o f a c i e s  I i s  t y p i c a l  of t h e  Hannibal and Saver ton  Shales  of I l l i n o i s ,  which comprise t h e  
upper p o r t i o n  of t h e  New Albany Group. N o  examples of t h i s  l i t h o f a c i e s  were p r e s e n t  i n  t h e  OlKY c o r e .  
We i n t e r p r e t  t h i s  l i t h o f a c i e s  t o  have been depos i t ed  i n  dysaerobic  waters t h a t  suppor ted  an abundant 
sof t -bodied  i n f a u n a ,  bu t  t h a t  d i d  no t  c o n t a i n  s u f f i c i e n t  oxygen t o  suppor t  c a l c i f i e d  b e n t h i c  i n v e r t e -  
b r a t e s  (Rhoads and Morse, 1 9 7 1 ) .  This  l i t h o f a c i e s  may a l s o  r e p r e s e n t  t h e  sha l lowes t  and most h igh ly  
a g i t a t e d  environment of New Albany d e p o s i t i o n ,  a l though t h e  absence of d e p o s i t i o n a l  sedimentary s t r u c -  
t u r e s  makes t h i s  somewhat s p e c u l a t i v e .  

L i t h o f a c i e s  11: I n d i s t i n c t l y  bedded o l ive-gray  s h a l e s .  This l i t h o f a c i e s  i s  a l s o  c h a r a c t e r i z e d  
by e x t e n s i v e  b i o t u r b a t i o n ,  bu t  t h e  sediment was n o t  as completely b io turba ted- the  g e n e r a l  bedding is  
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s t i l l  d i s c e r n i b l e .  The c o l o r  of t he  s h a l e  is somewhat d a r k e r  than  l i t h o f a c i e s  I ;  i t  ranges  from 
o l i v e  gray  t o  o l i v e  b l ack  and r e f l e c t s  a h ighe r  c o n t e n t  of o rgan ic  matter. 

Two subca tegor i e s  were de f ined  by t h e  abundance of s y n a e r e s i s  and t h e  form and d i s t r i b u t i o n  of 

Type 11-A ( p l a t e  3A) - very  few o r  no s y n a e r e s i s  j o i n t s  p r e s e n t ;  abundant p y r i t e  nodules  a long  

Type 1 1 - B  ( p l a t e  3B) - very  abundant p y r i t e - f i l l e d  s y n a e r e s i s  j o i n t s ,  w i t h  few p y r i t e  nodules .  

p y r i t e :  

bedding. 

The d i f f e r e n c e  between t h e s e  l i t h o t y p e s  i s  i n t e r p r e t e d  as r e f l e c t i n g  d i f f e r e n t  d i a g e n e t i c  environ- 
ments. D e p o s i t i o n a l  s t r u c t u r e s  and f e a t u r e s  i n  t h e  two l i t h o t y p e s  are very  s imi la r ,  except  f o r  s i l t  
c o n t e n t  and minera logy ,  w i th  type  1 1 - B  g e n e r a l l y  con ta in ing  less t o t a l  s i l t  and a g r e a t e r  p ropor t ion  
of ca rbona te  s i l t .  

L i t h o f a c i e s  I1 i s  i n t e r p r e t e d  a s  having been depos i t ed  i n  dysae rob ic  waters s imilar  t o  l i t h o -  
f a c i e s  I ,  except  t h a t  t h e  a c t i v i t y  of burrowers was n o t  as i n t e n s e .  
p l a n a t i o n s  f o r  t h i s ,  a few of which are l i s t e d  below: 

There are several p o s s i b l e  ex- 

The oxygen con ten t  of t h e  water may have been lower than  t h a t  of t h e  environment i n  which 
l i t h o f a c i e s  I w a s  depos i t ed ,  and thus  t h e  popu la t ion  of burrowing organisms w a s  correspond- 
i n g l y  smaller. A p o s s i b l e  i m p l i c a t i o n  i s  t h a t  l i t h o f a c i e s  I1 r e p r e s e n t s  a s l i g h t l y  deepe r ,  
less a g i t a t e d  environment. 

Some o t h e r  p h y s i c a l  r e s t r i c t i o n ,  such  a s  s a l i n i t y  f l u c t u a t i o n s ,  reduced t h e  popu la t ion  of 
burrowing organisms. 
ters i n  t h e  sediment might a l s o  c o r r e l a t e  w i th  t h e  d i a g e n e t i c  d i f f e r e n c e s  between l i t h o f a c i e s  
I ,  11-A,  and 11-B .  

L i t h o f a c i e s  I1 might r e f l e c t  a h ighe r  r a t e  of d e p o s i t i o n .  I f  t h e  burrowing popu la t ion  re- 
mained approximately c o n s t a n t ,  then  the  i n t e n s i t y  of burrowing p e r  volume of sediment might 
drop .  

The f a u n a l  composition of t h e  burrowers may have v a r i e d  geograph ica l ly  and through t i m e ,  w i th  
cor responding  v a r i a t i o n s  i n  t h e  s i z e ,  t ype ,  and i n t e n s i t y  of burrowing. We do n o t  have su f -  
f i c i e n t  d a t a  on t r a c e  f o s s i l s  i n  t h e  s h a l e  t o  e v a l u a t e  t h i s  p o s s i b i l i t y .  

V a r i a t i o n s  i n  s a l i n i t y  and o t h e r  chemical c h a r a c t e r i s t i c s  of po re  wa- 

t h i s  t i m e  w e  do n o t  have s u f f i c i e n t  d a t a  t o  sDecu la t e  on t h e  c o n t r o l s  of s y n a e r e s i s  develop- 
ment and of p y r i t e  d i s t r i b u t i o n .  

L i t h o f a c i e s  111: Poor ly  lamina ted  brownish-black s h a l e s .  This  l i t h o f a c i e s  is  c h a r a c t e r i z e d  by 
d i s t i n c t  bu t  v a r i a b l e  l amina t ions .  
t h i c k l y  lamina ted  s h a l e s  ( p l a t e  4B). 
( p l a t e  4A). 
dominantly brownish-black. 

F ine ly  lamina ted  s h a l e s  a r e  in te rbedded  wi th  massive o r  very  
Sporadic  burrows are v i s i b l e ,  b u t  sediment mixing i s  minimal 

The o rgan ic  con ten t  of t h e  s h a l e s  i s  g e n e r a l l y  h igh  ( 3  t o  6 p e r c e n t ) ,  and they  a r e  pre- 

Two s u b c a t e g o r i e s  were e s t a b l i s h e d  p r i n c i p a l l y  on t h e  b a s i s  of s y n a e r e s i s :  

Type 1 1 1 - A  ( p l a t e  4A) - very  few s y n a e r e s i s  j o i n t s .  

Type 111-B ( p l a t e  4B) - abundant s y n a e r e s i s  j o i n t s .  

I n  a d d i t i o n ,  a l l  of t h e  samples of l i t h o f a c i e s  1 1 1 - A  c o n t a i n  sed imentary  s t r u c t u r e s  such  as 
c u t s  and f i l l s ,  r i p p l e s ,  cross-bedding, and small l oads .  Although i t  i s  tempting t o  i n t e r p r e t  t h i s  
l i t h o f a c i e s  as a h igh -cu r ren t  v e l o c i t y  f a c i e s  of t h e  New Albany, i t  seems l i k e l y  t h a t  s imi la r  sed i -  
mentary s t r u c t u r e s  were o r i g i n a l l y  p r e s e n t  i n  t h e  sed iments  of l i t h o f a c i e s  I and 11, b u t  were subse- 
quen t ly  des t royed  by e x t e n s i v e  burrowing. 
than  t h e  f i n e l y  lamina ted  brownish-black s h a l e s  of l i t h o f a c i e s  IV.) 

(These s t r u c t u r e s  do i n d i c a t e  g r e a t e r  c u r r e n t  a c t i v i t y  

This  l i t h o f a c i e s  i s  i n t e r p r e t e d  as having been depos i t ed  i n  margina l  anae rob ic fdysae rob ic  wa- 
ters, i n  which only a very  few burrowing organisms could s u r v i v e ;  o x i d a t i o n  of o r g a n i c  matter i n  t h e  
sediment w a s  n e g l i g i b l e .  Th i s  l i t h o f a c i e s  was presumably depos i t ed  i n  deeper  waters than  was e i t h e r  
l i t h o f a c i e s  I o r  11. 
can t r a n s f e r  oxygen t o  depths  of approximately 150 meters, below which anae rob ic  cond i t ions  p r e v a i l  
(Caspers ,  1957). 
minimum depth  f o r  the anae rob ic fdysae rob ic  boundary i n  c e r t a i n  a n c i e n t  s e t t i n g s .  

I n  modern e u x i n i c  b a s i n s ,  such  as t h e  Black Sea,  t h e  mixing of s u r f i c i a l  waters 

Byers (pe r sona l  communication, 1977) has  sugges ted  t h a t  150 meters i s  a r easonab le  

L i t h o f a c i e s  I V :  F ine ly  lamina ted  brownish-black s h a l e s .  This  l i t h o f a c i e s  i s  c h a r a c t e r i z e d  by 
f i n e ,  evenly spaced ,  p a r a l l e l  l amina t ions  of p y r i t e  and s i l t .  There i s  no  i n d i c a t i o n  of d i s t u r b a n c e  
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by burrowing. 
not  deposi ted by t r a c t i o n  o r  dens i ty  c u r r e n t s .  
t e n t  i s  uniformly high ( 3  t o  6 . 4  percen t ) .  

The uniformity of t h e  laminat ions i n d i c a t e s  t h a t  they are p e l a g i c  sediments and were 
Spores are abundant i n  most samples, and organic  con- 

Color ranges from brownish black t o  gray b l ack  t o  black. 

Two subca tegor i e s  were def ined by a very s t r i k i n g  d i f f e r e n c e  i n  t h e  form of p y r i t e  i n  t h e  s h a l e ;  

Type IV-A ( p l a t e  5A) - p y r i t e  i s  evenly dispersed through the  s h a l e  as minute g r a i n s  and as f i n e  

Type IV-B ( p l a t e  5B) - p y r i t e  i s  p r i n c i p a l l y  clumped i n t o  small s c a t t e r e d  nodules ,  although 

they probably r e f l e c t  d i f f e r e n c e s  i n  t h e  d i agene t i c  environment. 

laminae. 

s c a t t e r e d  g r a i n s  and p y r i t i c  laminae are a l s o  p re sen t  as i n  Type IV-A. 

This  l i t h o f a c i e s  is  i n t e r p r e t e d  as having been deposi ted i n  anaerobic  waters devoid of ben th ic  
organisms. It probably r ep resen t s  t h e  deepest ,  q u i e t e s t  cond i t ions  of New Albany depos i t i on .  L i t t l e  
evidence of c u r r e n t s  i n  t h i s  l i t h o f a c i e s  environmenl: w a s  found, and p e l a g i c  sedimentat ion w a s  prob- 
ab ly  dominant. 

Re la t ion  of l i t h o f a c i e s  t o  phys i ca l  p r o p e r t i e s .  The l i t h o f a c i e s  c l a s s i f i c a t i o n  i s  n o t  a quant i -  
t a t i v e  parameter,  but  s e v e r a l  of t h e  cr i ter ia  used t o  d i s t i n g u i s h  t h e  classes are based on q u a l i t a -  
t i v e  d e s c r i p t i v e  p r o p e r t i e s .  The classes a r e  thought t o  be,  most s i g n i f i c a n t l y ,  a r e l a t i v e  measure 
of t h e  oxygen content  of t h e  d e p o s i t i o n a l  environment, w i t h  decreasing oxygen corresponding t o  in- 
creasing l i t h o f a c i e s  c l a s s  number. It i s  t h e r e f o r e  u s e f u l  t o  consider  t h e  r e l a t i o n s  between t h e  
l i t h o f a c i e s  and t h e  r e s u l t s  of c e r t a i n  phys ica l  p rope r ty  tests.  These r e l a t i o n s  are shown i n  f i g u r e  
5 .  L i t h o f a c i e s  c l a s s  i nc reases  w i t h  inc reas ing  i n t e r n a l  s u r f a c e  a r e a ' r a t i o  ( f i g .  5A). Because t h i s  
r a t i o  of t h e  i n t e r n a l  s u r f a c e  area me$sured by use of COP i nc ludes  t h e  u l t r a - f i n e  pores i n  the  sample 
whose diameters  are less than 4 t o  5 A ,  and t h e  area measured by use  of N 2  does n o t  i nc lude  these  
pores ,  t h e  graph can be i n t e r p r e t e d  t o  i n d i c a t e  t h a t  t he  more anaerobic  w a s  t h e  s i te  of depos i t i on ,  
t h e  more abundant are the  u l t r a - f i n e  pores  i n  t h e  f i n a l  l i t h i f i e d  s h a l e .  
wi'th hardness  i s  shown i n  f i g u r e  5B. It is  apparent  from t h i s  graph t h a t  t he  lower the  l i t h o f a c i e s  
class, t h e  s o f t e r  t h e  s h a l e  i s  l i k e l y  t o  be. Although many samples of l i t h o f a c i e s  I V  t e s t e d  as s o f t  
as those of I through 111, s e v e r a l  samples of each are p ropor t iona te ly  ha rde r  with inc reas ing  class 
number. There i s  l i t t l e  o r  no r e l a t i o n  of s i g n i f i c a n c e  between l i t h o f a c i e s  and c l ay  o r i e n t a t i o n  in-  
dex ( f i g .  5C). 

The r e l a t i o n  of l i t h o f a c i e s  

CONCLUDING REMARKS 

C h a r a c t e r i s t i c s  of t he  petrography, t he  mineralogic  and chemical composition, and t h e  phys ica l  
properties-hardness,  s p e c i f i c  g r a v i t y ,  and c l ay  o r i e n t a t i o n  index-were analyzed and evaluated f o r  
samples of t h e  New Albany from two co res  i n  t h e  I l l i n o i s  Basin. Samples were cha rac t e r i zed  from seg- 
ments of t h e  cores  taken approximately every f i v e  t o  t e n  f e e t  through t h e  New Albany. The co re  taken 
i n  western Kentucky ( C h r i s t i a n  County) w a s  an o r i en ted  c o r e  d r i l l e d  by ERDA. The New Albany w a s  rep- 
resented by 207.6 f e e t  of mainly grayish b l ack ,  f i n e l y  laminated s i l t y  s h a l e s .  
c e n t r a l  I l l i n o i s  (Sangamon County) was a core d r i l l e d  many yea r s  ago and is  s t o r e d  a t  t h e  I l l i n o i s  
S t a t e  Geological Survey. Samples taken of t h i s  co re  represented 142.6 f e e t  of New Albany; they con- 
s i s t  mainly of gray,  massive and b io tu rba ted ,  a r g i l l a c e o u s  s i l t s t o n e s  and s i l t y  s h a l e s .  

The core taken i n  

Four d i s t i n c t i v e  l i t h o f a c i e s  were recognized and each of t hese  w a s  divided i n t o  two subdivi-  
s i o n s ,  based on uniquely d i f f e r i n g  petrographic  and mine ra log ica l  c h a r a c t e r i s t i c s .  These l i t h o f a c i e s  
c o r r e l a t e  i n  some important r e s p e c t s  w i t h  t h e  p h y s i c a l  p r o p e r t i e s  of t h e  samples. 
t h e  class of l i t h o f a c i e s  i n c r e a s e s  with an  inc reas ing  abundance of t he  u l t r a - f i n e  pores  ( r a t i o  of t h e  
CO2 and N2 measured i n t e r n a l  s u r f a c e  areas, f i g .  5A). With inc reas ing  c l a s s  of l i t h o f a c i e s ,  w e  ob- 
s e r v e  an inc reas ing  number of samples t o  be p ropor t iona te ly  ha rde r  ( f i g .  5B). No s i g n i f i c a n t  r e l a -  
t i o n  has  been observed t o  d a t e  between t h e  l i t h o f a c i e s  and t h e  c l ay  o r i e n t a t i o n  index and the  spe- 
c i f i c  g r a v i t y  of t h e  samples. The l i t h o f a c i e s  c l a s s i f i c a t i o n  i s  a u s e f u l  technique t o  be app l i ed  t o  
t h e  s tudy of s h a l e s ,  because of t h e  u t i l i t y  i t  provides  i n  desc r ib ing  the  petrography of a l a r g e  num- 
ber  of samples and i n  i n t e r p r e t i n g  t h e  environments of depos i t i on  and o t h e r  sedimentological  fea- 
t u r e s .  

We observe t h a t  

I n  t h e  l i g h t  of a d d i t i o n a l  d a t a  t h a t  have been r e c e n t l y  generated on the  same samples, continued 
eva lua t ion  of t h e  d a t a  presented h e r e  i s  i n  progress .  I n  a d d i t i o n ,  fou r  new cores  of t he  New Albany 
i n  I l l i n o i s  have now been made a v a i l a b l e  f o r  s tudy ,  and petrographic  and o the r  analyses  of samples 
from these  co res  are i n  va r ious  s t a g e s  of completion. 
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TABLE 1 - MINERALOGIC AND PETROGRAPHIC ANALYSES, METHODS AND TYPES OF SAMPLES 

Property Method of analysis Type of samples 

I. Mineralogy 

B. Clay (<2 pm) 

C. Trace constituents 

11. Petrography 

A .  Macrocharacterization 

1. Structure 
a. Lamination 
b. Synaeresis 

2 .  Color 

3 .  Bioturbation 

4 .  Sedimentary features 

5. Fossil occurrences 

B. Microcharacterization 

1. Constituents and distribution 

2. Texture: grain size, shape, 
orientation, sorting, etc. 

3 .  Structure: laminations, x-bedg. 

4 .  Paleontology: abundance, bio- 
turbation, orientation, etc. 

5 .  Diagenetic features 

C. Directional properties 

X-ray diffraction and 
microscopy 

X-ray diffraction 

Microscopy 

Visual, microscopy and 
radiography 

Microscopy 

1. Clay orientation index X-ray diffraction 

2 .  Particle orientation 

D. Disbursed organic matter 

1. Total organic matter 

Microscopy 

Low-temperature ashing 

Powders and slabs 

Clay fraction of powders 

Slabs and thin sections 

Oriented slabs 

Thin sections 

Oriented dabs 

Oriented thin sections 

Powder. 

2 .  Reflectance of vitrinite Microscopy Particle mounts 

3. Maceral analysis Microscopy Particle mounts and thin sections 
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14 PETROLOGY OF NEW ALBANY SHALE GROUP EGS-18 

TABLE 4 - CONCENTRATION OF MAJOR, MINOR, AND SOME TRACE ELEMENTS, 
SANGAMON COUNTY, ILLINOIS, CORE SAMPLES (01IL) 

Sample SiOn A l p 0 3  Fez03 MgO C a0 N a l O  Kz 0 T i O p  p205 S C Org. C 
number (wt %) (wt X )  (wt X)  (wt %) (wt %) (wt X )  (wt X )  (wt X )  (wt X )  (wt %) (wt X )  ( w t  X )  

01L2 64.5 10.4 4 .31  2.25 1 .04  0.98 3.91 0.87 0.08 0.02 0.88 0.43 
03Ll 71.8 8.54 2.61 1 .84  2.03 1.25 2.98 0 .93  0.33 0.05 0.96 0.29 

04Ll 74.0 9.19 2.20 1 . 1 3  0.32 1 .41  3.81 0.95 0.03 0.07 0.97 0.80 

05Ll 70.4 9.77 2.88 1 .48  0.39 1.24 3.47 0.99 CO.01 0.06 0.44 0 .28  

07L1 51.7 6.81 2.07 2.59 15.4 0.94 2.35 0.56 0 .31  0.07 3.88 0.15 

09L1 58.8 12.7 4.01 2.70 1 .35  1 .05  4.08 0.93 0.02 0.09 

09L2 65.4 1 2 . 1  4.72 1.62 0.30 1 .14  4.26 1.00 0.05 0.25 

l 0 L l  65.3 1 1 . 7  5.84 1.64 0.06 1 . 0 3  3.85 0.87 0.01 0.89 

l l L l  57.9 14.9 5.00 1 .90  0 .01  0.74 5.40 0.84 0.06 0.27 

12L1 60.2 15 .0  5.01 2.63 0.43 0.84 5.32 0.89 (0.01 0.18 

13L1 58.8 16 .1  5.09 2.74 0.36 0 .81  5.63 0.81 0.02 0 .31  

14L1 56.5 14 .1  5.20 2.22 0.52 0.74 4.69 0.77 <0.01 0.54 

15L1 51.5 13.2 5.19 2.17 0.18 0.61 4.96 0.66 0.05 0.92 

16L1 53.8 1 1 . 7  5 .35 2.04 0.71 0.74 3.78 0.68 0.03 1.28 

1 7 L 1  57.1 12 .2  4.62 1 .54  0.61 0.84 3.74 0.66 0.04 1 .10  

18L1 62.5 11.7 4.15 1.27 0.47 0.86 3.48 0.64 0.08 0.92 

19L1 55.0 12.2 5.62 1.67 0.56 0.74 3.86 0.62 0.10 1.36 

20L1 58.0 12.3 4.37 2.22 2.26 0.92 3.87 0.69 0.08 0.84 

21L1 56.4 14.8 4.83 2.15 0.77 0.74 4.88 0.67 0.03 0.71 

Sample F Be C r  co cu  Pb Mn Mo N i  sc U V Zll Z r  
number (ppm) (ppm) (ppm) (ppm) (ppm) ( P P d  ( p p d  (PPd (PPm) ( P P d  (PPm) (PPm) (PPm) (pPm) 

01L2 

03L1 

04L1 

05L1 

07L1 

09L1 

09L2 

l 0 L l  

l l L l  

12L1 

13L1 

14L1 

15L1 

l 6 L l  

1 7 L 1  

18L1 

19L1 

20L1 

21L1 

920 

810 

370 

500 

570 

560 

600 

600 

9 70 

820 

940 

810 

940 

670 

1000 

640 

860 

810 

1070 

4 .3  

2.6 

2.5 

3.8 

2.2 

5 . 1  

4.8 

4.3 

5.4 

5.5 

5.7 

5 .0  

5 . 0  

5.0 

4.6 

3.9 

4.3 

3.8 

4.8 

88 

79 

88 

57 

49 

130 

130 

150 

110 

170 

140 

88 

96 

110 

60 

7 7  

84 

88 

8.9 14  5 . 6  220 

5.9 24 4.4 280 

6.2 12  6.7 120 

10  10  7.2 150 

6 .2  11 6.6 1010 

14 21 6.2 330 

23 11 250 

7 1  35 10  200 

18 36 8 .0  250 

15  30 10  290 

20 37 7 . 8  270 

1 7  46 9 .2  230 

23 63 19  240 

44 120 18 260 

29 68 1 3  210 

20 58 9.6 180 

25 68 19 270 

1 8  48 16 320 

11 74 34 340 

<2 

< 2  

< 2  

< 2  

<2 

7 .3  

7.0 

40 

1 3  

11 

20 

53 

180 

210 

92 

8 4  

130 

38 

60 

8 1  13 5 380 92 

30 10  7 110 120 

40 11 7 120 1 2 0  

41 10  6 170 94 

35 9 5 85 50 

72 20 6 220 88 

78 4 180 170 

78 19 6 160 700 

100 24 6 250 130 

92 24 3 230 140 

95 27 7 240 140 

310 180 110 22 11 

120 20 21 300 310 

120 2 1  31  340 140 

72 19  1 7  220 92 

70 1 5  14  220 120 

99 1 6  31  220 68 

66 1 5  6 160 62 

140 1 7  10  510 130 

490 

730 

660 

540 

620 

520 

500 

400 

3 50 

380 

300 

330 

280 

300 

310 

260 

240 

340 

230 

34 1 



EGS-18 HARVEY, WHITE, CLUFF, FROST & DUMONTELLE 15 

TABLE 5 - CONCENTRATION OF MAJOR, MINOR, AND SOME TRACE ELEMENTS, 
CHRISTIAN COUNTY, KENTUCKY, CORE SAMPLES (01KY) 

Sample  S i 0 2  A1203 Fez03  MgO CaO N a z O  KzO Ti02 p2O5 S C Org. C 
number (wt X )  (wt X) (wt X )  (wt %) (wt %) (wt %) (wt Z) (wt %) (wt Z )  (wt %) (wt %) (wt X) 

~~ 

O l C l  53.2 1 0 . 1  6.85 0.74 0.14 0.73 3.06 0.56 0.10 2.42 14.13 14.03 

0 x 1  59.3 9.65 5.40 1 . 2 1  1.63 0.66 2.71 0.50 0.06 1.84 10.86 10.29 

03C1 

04C1 

05C1 

06C1 

07C1 

08C1 

09C1 

l0Cl  

l l C l  

1x1 

13C1 

08L1 

l0Ll 
l l L l  

12L1 

13L1 

57.8 

62.8 

48.0 

59.0 

49.9 

57.9 

51.9 

53.0 

45.0 

51.6 

46.0 

55.0 

54.3 

51.8 

49.8 

49.8 

9.93 

15.0 

10.0 

16.4 

13 .5  

14.4 

11 .5  

11 .5  

9.77 

8.44 

7.07 

14.5 

11.9 

10.9 

8.07 

7.59 

7.31 1 .08  1.60 0.66 2.76 0.54 . 0.10 1 .93  

3.91 1.49 0.56 0.88 4.22 0.71 cO.01 0.35 

7.74 1.69 7.30 0.77 2 .61  0.45 4.25 2.27 

4.40 1.98 1.25 0.99 4 . 3 1  0.83 0.07 0.22 

6.20 1 .05  0.26 0.78 3 .93  0.70 0.07 1 . 7 4  

3.37 2.10 2.03 0.90 4.23 0.73 0.13 0.53 

3.60 3.59 4.81 0.81 3.49 0.71 0.01 0.62 

2.64 2.83 3.69 0.77 3.81 0.68 0.05 0.64 

4.28 4.75 7.50 0.83 2.99 0.52 0.19 1 .38  

3.16 4.31 7.51 0 .61  2.87 0.43 0.15 1.00 

3.09 4.08 1 1 . 7  0.48 2.61 0.35 0.19 1.18 

5.05 1.82 1.69 0.87 4.14 0.71 0.12 0.89 

2.90 3.62 5.67 0.77 3.62 0.71 0.03 0.42 

3.42 3.47 5.58 0.78 3.53 0.63 0.04 0.78 

2.62 4.25 10.3 0.55 2.64 0.37 0.19 0.90 

3.05 4.19 9.32 0.54 2.63 0.36 0.25 1.02 

7.78 7.03 

2.24 1.64 

7.01 5.81 

1.69 0.66 

2.61 12.30 

6.00 5.04 

7.51 5.39 

0.56 9.23 

0.16 7.43 

8.32 5.67 

0.38 7.30 

Sample  F B e  C r  co cu  Pb Mn Mo Ni sc U v Zn Zr 
number ( p p d  (ppm) ( p p d  ( p p d  (ppm) ( p p d  (ppm) ( p p d  (ppm) (ppm) ( p p d  ( p p d  (ppm) ( P P ~ )  

0 x 1  640 5.5 66 39 94 12 110 350 150 12  61  280 82 230 

0 x 1  630 5 .4  57 29 67 10 310 340 120 12  43 220 140 190 

03C1 5 00 4.1 58 23 87 16 250 200 120 1 3  24 200 180 220 

04C1 900 5 . 1  68 11 52 11 270 11 67 1 7  14  210 86 210 

05C1 2930 3 .2  62 32 60 18 410 7 7  94 14 37 120 170 210 

06C1 890 4 . 1  90 12  35 8 350 5 44 19  6 170 99 240 

07C1 740 5.9 87 23 240 3 1  160 450 450 17  40 820 420 290 

08C1 880 5.3 102 14  280 

09c1 770 5 .2  84 11 150 

l0Cl  800 5 .9  95 12  260 

l l C l  860 4.7 64 1 3  160 

12c1  920 3.8 54 11 170 

13C1 920 3.7 85 1 3  290 

4 190 11 150 20 7 310 280 320 

7 360 1 6  110 17  7 210 70 360 

0 200 45 170 1 8  6 290 180 270 

4 400 35 120 15 8 250 270 270 

7 320 46 140 10 11 320 100 200 

0 360 150 220 13 22 480 500 180 

08L1 950 5 .4  120 1 3  210 1 4  190 39 140 20 1 3  390 340 250 

l 0 L l  870 3.9 75 6 76 5 360 5 7 7  14  6 170 110 240 

llLl 770 4 .0  83 8 180 6 330 1 3  110 16  6 180 320 230 

12L1 970 3 .3  67 10  160 8 370 43 140 11 12  290 190 170 

13L1 860 3 .3  7 1  11 210 7 360 75 190 12  1 3  420 180 180 

342 
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EGS-18 

Synaeresis 

HARVEY, WHITE, CLUFF, FROST & DUMONTELLE 

Bioturbation P y r i t e  

17 

TABLE 8 - LITHOFACIES CHARACTERISTICS 
Color Silt I Spores Laminations 

h 

x x  

X X I :  I -A 

B 

x x  
x x  %&+& X X X 

X 

X 

X 

X 

1 1 - A  

B 

X 

X 

X X * X 1 1 1 - A  

B 

X 

X 

X 

X 

x X I  X X 

X I x x  X 

IV-A 

B 

X 

X 

X 

X 

X 

X 
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18 PETROLOGY OF NEW ALBANY SHALE GROUP EGS-18 

---- 
I < 00 Miles 0 50 

1 1 1 I I b  i 

F i g .  1 - T e c t o n i c  s e t t i n g  and l o c a t i o n  of c o r e s  s t u d i e d .  Contours  show e l e v a t i o n  ( i n  
f e e t )  of t h e  b a s e  of t h e  New Albany Group shales  ( a f t e r  Swann and B e l l ,  1958, 
f i g .  2 ) .  
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EGS-18 HARVEY, WHITE, CLUFF, FROST & DUMONTELLE 

A.  Orientat ion of the core segment. 

Vertical, north-south 
slab 

Vertical, east-west 
slab 

Hor izontal  slab 

C. Three or iented slabs are cu t  f o r  petrographic anal- 
yses. Saw cuts are made w i th  kerosene lubr icant.  0 3  
i s  returned t o  archive storage. 

6.  The core segment i s  soaked in dist i l led water p r io r  
t o  sawing w i th  tap  water lubr icat ion.  The t w o  
pieces, 01.2 and 0 3 . 4 ,  are cleaned, then rinsed in 
dist i l led water. A f te r  dry ing, 0 1 . ~  is crushed and 
pulverized fo r  various tests, 0 3 . 4  i s  cast in epoxy 
to  ho ld  it together dur ing subsequent sawing. 

Illinois State Geological Survey 

19 

Fig .  2 - Diagram showing the procedures used t o  obtain samples f o r  mineralogic, petro- 
graphic,  and chemical analyses  from the core segments of New Albany Shale.  
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ECS- 18 HARVEY, WHITE. CLUFF, FROST & DUMONTELLE 

MIX ED -STRUCTURE 

0 01 K Y  CORE 
0 01 I L C O R E  

0 0 0 0  

ILLIT 

/9 

0 0 
E C P O  

2 1  

TE 

Fig.  4 - Clay mineral composition of samples taken from the Kentucky and I l l i n o i s  cores .  
V o l i n i t e  was not detected i n  the samples. 
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23 EGS-18 HARVEY, WHITE, CLUFF, FROST & DUMONTELLE 

A I I rnm i B  I 

C I Ih mm 0 200 pm , 

E 1 112 mm , F 100 pm I 

PLATE 1. (A)  Fine silt laminae in brownish-black shale. Sample 01KY08C1. (B) Compressed 
burrow with silt-rich filling. 
ented within burrow. Samole OlKYO8Cl. (C) Rounded fine sand grains concentrated within a 

Clay is well oriented in area surrounding but poorly ori- 
~~ . ,  

burrow filling. Sample OiKY08Cl. ( D )  Flattened spores. 
thin-walled and thick-walled types. Sample 1KY03L1. (E) 
ments scattered in a silt layer. The fragments are shown 
0.1 to 0.2 mm long, and oriented more o r  less NE-to-SW on 
01KY07Ll. (F) Calcisphere (probably Radiina Reitlinger). 
s u l e  and the thick spines projecting from the outer wall, 
within and around the calisphere. Sample OlKYO4Ll. 

Note the difference between 
Several phosphatic fossil frag- 
here as needle-shaped, about 
this micrograph. Sample 

and the pyrite grains (black) 
Note the inner perforate cap- 
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24 PETROLOGY OF NEW ALBANY SHALE GROUP 

"i 1 

EGS-18 

PLATE 2. Bioturbate greenish-gray mudstone. Lithofacies 
I-B characterized by a swirling texture due to the mixing 
action of burrowing organisms in the sediment. 
streaks are pyrite-filled burrows and short synaeresis 
joints. 
to that shown here of I-B. but is eenerallv finer erained. 
Sample OlILO4L1. 

Short black 

Lithofacies I-A is similar in megascopic appearance 
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EGS-18 HARVEY, WHITE, CLUFF, FROST & DUMONTELLE 25 

PLATE 3. Indistinctly bedded olive-gray shales. (A) Lithofacies 11-A, characterized 
by indistinct bedding (massive) and abundant pyrite nodules and lenses. 
(B) Lithofacies 11-B, characterized by extensive bioturbation and synaeresis joints. 
The joints are pyrite-filled and were deformed into their crooked form by compaction. 
Bedding is visible but very indistinct. 

Sample 01IL14L1. 

Sample OlKYO6C1. 
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26 PETROLOGY OF NEW ALBAKY SHALE GROUP EGS-18 

PLATE 4. Poorly laminated brownish-black shales. 
to coarse laminations. 
tures such as ripples and cross-bedding are present. 
characterized by medium to coarse laminations and weak bioturbation, but with much more extensive syn- 
aeresis development. Sample 

(A) Lithofacies 111-A, characterized by medium 
Few synaeresis joints, sporadic burrowing, and few primary sedimentary StrUC- 

Sample O l K Y O 8 C l .  (B)  Lithofacies 111-B, also 

Primary sedimentary structures, other than laminations, are absent. 
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EGS-18 HARVEY, WHITE, CLUFF, FROST & DUMONTELLE 27 

PLATE5. 
and closely spaced pyritic laminae and an occasional large pyrite nodule (as at lower left). 
01KYOlL1. 
numerous small pyrite nodules. Short vertical lineation at the center of the radiograph is a late stage 
(post-compaction) synaeresis joint filled with calcite. 

Finely laminated, brownish-black shales. (A)  Lithofacies IV-A,  characterized by very fine 
Sample 

(B) Lithofacies IV-B, characterized by slightly thicker and more irregular laminae and.by 

Sample 01KY03L1. 



T i  RELATIONSHIP EEh" IXNSITY AM) GAMMA-RAY INTENSITY 
IN THE DEMNIAN SHALE SEQUENCE, LINCOU\I COUNTY, WEST VIRGINIA 

James W. Schmoker 
Geophysicis t ,  U. S .  Geological  Survey, Denver, Colorado 

ABSTRACT 

The c r o s s p l o t  of d e n s i t y  ve r sus  gamma-ray i n t e n s i t y  from t h e  Devonian s h a l e  sequence pene t r a t ed  
by t h r e e  w e l l s  i n  Lincoln County, West Vi rg in i a ,  i s  l i n e a r .  Geochemical d a t a  p r e d i c t  a l i n e a r  
c r o s s p l o t  i f  i t  i s  assumed t h a t  organic  content  i s  t h e  only v a r i a b l e  producing changes i n  formation 
densi ty .  Fac to r s  o t h e r  than organic  content  appear t o  have only a second-otder e f f e c t  upon d e n s j t y  
changes. The gamma-ray l o g  can be used t o  d i s t i n g u i s h  l i t h o l o g i c  and s t r a t i g r a p h i c  u n i t s  i n  t h e  
Devonian s h a l e  sequence i n  t h i s  area and t o  estimate t h e i r  d e n s i t y  t o  2 0.017 g/cm3 (68% confidence 
l e v e l ) .  
f a c t o r s  o t h e r  than organic  content  may c o n t r i b u t e  t o  d e n s i t y  changes. 

The c r o s s p l a t  between d e n s i t y  and gamma-ray i n t e n s i t y  can be used t o  i d e n t i f y  i n t e r v a l s  where 

INTRODUCTION 

The i n  s i t u  bulk d e n s i t y  of t h e  Devonian s h a l e s  of western West Vi rg in i a  responds d i r e c t l y  t o  
v a r i a b l e s  of p o s s i b l e  hydrocarbon-exploration i n t e r e s t  such as ma t r ix  mineralogy, organic  con ten t ,  
po ros i ty ,  and pore-f luid type.  Of t h e s e  v a r i a b l e s ,  o rgan ic  content  e x e r t s  t h e  g r e a t e s t  i n f luence  on 
formation dens i ty .  Organic material i s  commonly occur r ing  and has  a s p e c i f i c  g r a v i t y  of 1.0 g/cm3, 
whereas t h e  average g r a i n  d e n s i t y  of t h e  s h a l e  minerals  i s  about 2 . 7  g/cm3 (Smith and Young, 19641, 
I n  t h i s  s tudy,  l o g s  from t h r e e  w e l l s  i n  Lincoln County, West Vi rg in i a ,  w e r e  used t o  i n v e s t i g a t e  t h e  
degree t o  which changes i n  organic  content  account f o r  dens i ty  v a r i a t i o n s  i n  t h e  s h a l e ,  and t o  
quan t i fy  t h e  r e l a t i o n s h i p  between o rgan ic  con ten t ,  gamma-ray i n t e n s i t y ,  and dens i ty .  

EXPERIMENTAL APPROACH 

Independent measurements of formation d e n s i t y  and o rgan ic  content  were necessary t o  determine t h e  
con t r ibu t ion  of organic  material t o  observed d e n s i t y  changes. 
measured with t h e  compensated d e n s i t y  log. The i n t e n s i t y  of n a t u r a l l y  occur r ing  gamma r a d i a t i o n  w a s  
used as a measure of t h e  o rgan ic  matter i n  t h e  rocks.  

The d e n s i t y  of t h e  Devonian s h a l e s  w a s  

Gamma-Ray I n t e n s i t y  and Organic Content 

The dark,  organic-r ich Devonian s h a l e s  of t h e  Appalachian b a s i n  have higher  gamma-ray responses  
than t h e  l i g h t e r  colored s h a l e s  which con ta in  less o rgan ic  matter. The r a d i o a c t i v i t y  is  p r imar i ly  due 
t o  uranium and i t s  daughter products  (Schwietering, 1970; Swanson, 1956). The uranium i s  not  randomly 
d i s t r i b u t e d  bu t  is a s s o c i a t e d  w i t h  o rgan ic  matter (Conant and Swanson, 1961; McKelvey and Nelson, 
1950), which exp la ins  t h e  p o s i t i v e  c o r r e l a t i o n  between gama-ray i n t e n s i t y  and o rgan ic  content .  Moore 
(1954) has  shown t h a t  o rgan ic  materials such as p e a t ,  l i g n i t e ,  and subbituminous c o a l  are e f f e c t i v e  i n  
e x t r a c t i n g  uranium from aqueous mFodution. 
p r e c i p i t a t e d  from normal sea water by o rgan ic  matter (Conant and Swanson, 1961). The gamma-ray l o g ,  
by responding t o  uranium assoc ia t ed  wi th  o rgan ic  material, should provide a q u a n t i t a t i v e  measure of 
the organic  content  of t h e  Devonian sha le s .  

The uranium i n  t h e  Devonian s h a l e s  w a s  probably 
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2 DFNSITY AND GAMMA-RAY INTENSITY EGS-19 

Gamma-Ray I n t e n s i t y  and Density 

The gamma-ray i n t e n s i t y  is  assumed t o  be a l i n e a r  func t ion  of organic  con?.eni. based on t h e  
geochemical evidence c i t e d  and s p e c i f i c  d a t a  given bv Beers (1945): 

y = k V  + 
0 0 YE 

where Y i s  t h e  gamma-ray i n t e n s i t y  i n  API u n i t s ,  y 
organic  matter, V t h e  volume-percent organic  con ten t ,  XU! k a c0n.stan.c. 

t h e  b a s e l i n e  gamma-ray i n t e n s i t y  un re l a t ed  t o  
B 

0 

V has  a d i r e c t  i n f luence  on formation d e n s i t y ,  because t h e  s p e c i f i c  g r a v i t y  o f  t h e  o rgan ic  

The heavy mineral  

0 

material i s  low compared t o  t h a t  of t h e  s h a l e  minerals .  
formation. Organic content  may a l s o  have a less direLC *fTect l q u n  dens i fy .  
p y r i t e ,  with a d e n s i t y  of 5.0 g/cm3, i s  most abundant i n  t h e  organic-r ich black s h a l e s .  
content  apparent ly  c o n t r o l s  t h e  p y r i t e  d i s t r i b u t i o n ,  and l abora to ry  d a t a  (Brown, 1956; S t r a h l  and 
o t h e r s ,  1955) i n d i c a t e  an  approximate l i n e a r  r e l a t i o n s h i p  between t h e  two: 

where V i s  t h e  volume-percent p y r i t e  content  and k a constant .  Inc reas ing  organic  content  lowers 

the  d e n s i t y  of t h e  formation, bu t  t h e  e f f e c t  may be somewhat modified by inc reas ing  amounts of p y r i t e  

Ar, i nc rease  i n  V lowers the  dens i ty  of t h e  

Organic 

V = k V  (2 1 
P P O  

P P 

The formation d e n s i t y ,  p ,  can be w r i t t e n  i n  terms of t h e  d e n s i t y  of organic  matter p t h e  
0’  

p y r i t e  dens i ty ,  P and t h e  average d e n s i t y  of a l l  o t h e r  c o n s t i t u e n t s ,  pa: 
P’ 

p = v p + v p + (1-V0-V ) p  (3) 
0 0  P P  P a  

S u b s t i t u t i n g  f o r  V and V using equat ions 1 and 2 ,  and combining t h e  va r ious  cons t an t s  l e a d s  t o  t h e  
0 P 

equation: 

where k and k are cons tan t s .  

The c r o s s p l o t  of gamma-ray..intensity and formation d e n s i t y  should be l i n e a r  if organ ic  content  i s  t h e  
only f a c t o r  causing changes i n  t h e  formation dens i ty .  

(4) 2 p = k y + k  1 
1 2 

DATA - 

The gamma-ray and d e n s i t y  l o g s  s tud ied  w e r e  from t h e  Columbia Gas Transmission Corp. 20401, 20m2, 
and 20403 w e l l s ,  l oca t ed  wi th in  1 m i l e  (1.6 km) of each a t h e r  nea r  Ranger, Lincoln County, West 
Virginia .  
f r a c t u r i n g  i n  the Devonian sha le s .  

The w e l l s  w e r e  d r i l l e d  t o  eva lua te  t e c h n i c a l  and economic a s p e c t s  of massive hydrau l i c  

S t r a t i g r a p h i c  S e t t i n g  

The Devonian s h a l e  sequence a t  t h i s  l o c a t i o n  i s  about 1,360 f t  (415 m) t h i c k ,  n e a r l y  f l a t  l y i n g ,  
and covered wi th  about 2,700 f t  (823 m) of younger Paleozoic  sedimentary rocks. It i s  bounded a t  t h e  
top by t h e  Berea Sandstone of Miss i s s ipp ian  age and a t  t h e  base by t h e  Onondaga Limestone of Middle 
Devonian age. 
t o  t h e  Marcellus Shale of Middle Devonian age,  o v e r l a i n  by gray s h a l e s  and s i l t s t o n e s  of Late 
Devonian age f o r  which no formal s t r a t i g r a p h i c  name i s  completely appropr i a t e .  
i n t e r f i n g e r  w i th  t h e  gray s h a l e s  and s i l t s t o n e s .  
brown s h a l e s ,  and ca l l  t h e  b a s a l  u n i t  t h e  lower brown sha le .  
brown s h a l e s  i s  about 400 f t  (122 m). 
i n  t h e  20402 and 20403 w e l l s  i s  given by Byrer and o t h e r s  (1976). 

I n  t h e  s tudy area, t h e  sequence can be subdivided i n t o  a dark,  b a s a l  u n i t ,  equ iva len t  

Two dark-shale zones 
Local ly ,  d r i l l e r s  ca l l  t hese  t h e  upper and middle 

The combined th i ckness  of t h e  t h r e e  
A l i t h o l o g i c  d e s c r i p t i o n  of t h e  Devonian s h a l e s  encountered 

Dig i t i zed  Data 

The w e l l s  were open and a i r - f i l l e d  when logged, and log  c o r r e c t i o n s  were no t  r equ i r ed .  In  
gene ra l ,  however, t h e  q u a n t i : a t i v e  i n t e r p r e t a t i o n  of gamma-ray l o g s  should inc lude  c o r r e c t i o n s  f o r  
f a c t o r s  such as ho le  diameLer, nud d e n s i t ) ,  and cas ing  and cement th i ckness  (Rhodes and Mott, 1966). 
The dens i ty  and gamma-ray logs  1. -re d i g i t i z e d  a t  2 f t  ( .61 m) i n t e r v a l s .  
i n t o  computer s t o r a g e ,  from whicL - - - ? p l o t s  and c a l c u l a t i o n s  w e r e  generated.  

D ig i t i zed  d a t a  w e r e  en t e red  
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CROSSPLOTS 

F igure  1 i s  t h e  c r o s s p l o t  of d e n s i t y  and gamma-ray i n t e n s i t y  from t h e  Devonian s h a l e  s e c t i o n  
pene t r a t ed  by t h e  Columbia G a s  20401, 20402, and 20403 w e l l s .  D i g i t i z e d  d a t a  w e r e  smoothed by 
averaging  20 f t  (6 .1  m) i n t e r v a l s .  A l i n e a r  c o r r e l a t i o n  i s  e v i d e n t ,  and a l eas t - squa res  f i t  to  t h e  
d a t a  e v a l u a t e s  t h e  c o n s t a n t s  k and k of equa t ion  4: 

The c o r r e l a t i o n  c o e f f i c i e n t  between d e n s i t y  and gamma-ray i n t e n s i t y  is  -.932. 
of d e n s i t y  v a l u e s  about t h e  r e g r e s s i o n  l i n e  i s  .020 g/cm3. 

p = -.00120y + 2 .877  (5) 
1 

The s t anda rd  d e v i a t i o n  

For t h e  c r o s s p l o t  of f i g u r e  2 ,  t h e  same d a t a  were smoothed by averaging  i n t e r v a l s  of r e l a t i v e l y  
cons t an t  p h y s i c a l  p r o p e r t i e s .  There were e i g h t e e n  i n t e r v a l s ,  ranging  i n  t h i c k n e s s  from 20 t o  170 f t  
(6 .1  t o  51.8 m). 

(6) 
The c o r r e l a t i o n  c o e f f i c i e n t  is -.962, and t h e  s t anda rd  d e v i a t i o n  i s  .017 g/crn3. 

The l eas t - squa res  f i t  t o  t h e  d a t a  of f i g u r e  2 i s  given by: 
p = -.00129y + 2.896 

The two r e g r e s s i o n  l i n e s  do n o t  d i f f e r  s i g n i f i c a n t l y .  However, t h e  d a t a  smoothed over  
l i t h o l o g i c  i n t e r v a l s  ( f i g u r e  2) are b e t t e r  r ep resen ted  by t h e  r e g r e s s i o n  l i n e ,  as i s  ev iden t  t o  t h e  
eye  and demonstrated by a smaller s t anda rd  d e v i a t i o n  and a more n e g a t i v e  c o r r e l a t i o n  c o e f f i c i e n t .  

DISCUSSION 

A t  a conf idence  l e v e l  of 68%, t h e  d e n s i t y  of a 20 f t  (6 .1  m) i n t e r v a l  i n  t h e  Devonian s h a l e  
s e c t i o n  can be  e s t ima ted  t o  2 .020 g/cm3 from t h e  gamma-ray i n t e n s i t y  a lone .  
l i t h o l o g i c  u n i t  can be  e s t ima ted  t o  t .017 g/cm3. 
primary v a r i a b l e  caus ing  changes i n  s h a l e  d e n s i t y .  

The d e n s i t y  of  a given 
These r e s u l t s  imply t h a t  o rgan ic  con ten t  i s  t h e  

The d e n s i t y  d i f f e r e n c e  between o rgan ic - r i ch  and organic-poor s h a l e s  i s  l a r g e  compared t o  t h e  
The two rock  types  can be  c o n f i d e n t l y  e r r o r  i n  gamma-ray d e n s i t y  estimates of about ? .02 g/cm3. 

d i s t i n g u i s h e d  us ing  t h e  gamma-ray da ta .  
roughly equ iva len t  t o  t h a t  of compensated d e n s i t y  l o g s .  I n  t h e  t h r e e  w e l l s  s t u d i e d ,  t h e  gamma-ray 
l o g  can b e  used q u a n t i t a t i v e l y  t o  de te rmine  format ion  dens i ty .  

In  f a c t ,  t h e  accuracy  of gamma-ray d e n s i t y  estimates is  

Dev ia t ions  from Regress ion  L ines  

Dev ia t ions  from t h e  r e g r e s s i o n  l i n e s  are due t o  f a c t o r s  n o t  taken  i n t o  account by equa t ion  4. 
Such f a c t o r s  might i nc lude :  

1 )  E r r o r s  i n  t h e  gamma-ray and d e n s i t y  d a t a .  
2 )  I n a p p r o p r i a t e  assumptions r e l a t i n g  o rgan ic  con ten t  t o  p y r i t e  and uranium. 
3)  Changes i n  format ion  d e n s i t y  due t o  v a r i a t i o n s  i n  t h e  mine ra l  m a t r i x ,  po re  f l u i d ,  o r  p o r o s i t y .  

P o i n t s  on f i g u r e  1 wi th  gamma-ray i n t e n s i t i e s  g r e a t e r  than  300 API u n i t s  are grouped above t h e  
A s i m i l a r  d i s t r i b u t i o n  i s  n o t  obvious on f i g u r e  2 ,  r e g r e s s i o n  l i n e  de f ined  by t h e  remaining da ta .  

perhaps  because of fewer d a t a  p o i n t s .  Although t h e  compensated d e n s i t y  log  can g ive  e r roneous  
r e s u l t s  when p y r i t e  i s  p r e s e n t  (C lav ie r  and o t h e r s ,  1976) ,  t h e  t r e n d  observed on f i g u r e  1 i s  o p p o s i t e  
t h e  expected e f f e c t  and cannot be  exp la ined  by an anomalous dens i ty - log  response .  
t h e  p y r i t e  o r  uranium concen t r a t ion  i n c r e a s e s  n o n l i n e a r l y  when o r g a n i c  con ten t  r eaches  some t h r e s h o l d  
l e v e l .  

Poss ib ly  e i t h e r  

Data p o i n t s  f a l l i n g  more than  two s t anda rd  d e v i a t i o n s  from t h e  r e g r e s s i o n  l i n e  are denoted by 
s o l i d  b l a c k  symbols on f i g u r e s  1 and 2 .  
a normal d i s t r i b u t i o n ,  bu t  t h e  p o i n t s  are n o t  randomly a r r ayed .  
r e g r e s s i o n  l i n e ,  w i th  d e n s i t i e s  lower than  p r e d i c t e d  by t h e  gamma-ray l o g ,  and r e p r e s e n t  brown s h a l e  
i n t e r v a l s .  D e n s i t i e s  lower than  expec ted  could imply inc reased  p o r o s i t y  o r  t h e  presence  of gas ,  bu t  
a d i r e c t  c o r r e l a t i o n  t o  gas  shows w a s  n o t  found. 
a d d i t i o n a l  in format ion  on gas-product ive  zones,  have n o t  been completed and eva lua ted .  A s  t h i s  
example i l l u s t r a t e s ,  t h e  c r o s s p l o t  of d e n s i t y  and gamma-ray i n t e n s i t y  might i d e n t i f y  zones where 
f a c t o r s  o t h e r  than  o rgan ic  con ten t  c o n t r i b u t e  t o  d e n s i t y  changes.  

The number of such p o i n t s  does n o t  exceed t h a t  expected from 
Seven of e i g h t  occur  below t h e  

Hydrau l i c - f r ac tu r ing  exper iments ,  which may p rov ide  

Regional V a l i d i t y  

The c r o s s p l o t s  and r e g r e s s i o n  equa t ions  a r e  based on d a t a  from one l o c a t i o n .  They are assumed 
v a l i d  over  some l a r g e r ,  b u t  a t  p r e s e n t  undef ined ,  a r e a .  
gamma-ray i n t e n s i t y  should  exist where t h e  d e p o s i t i o n a l  environment of t h e  Devonian s h a l e s  w a s  
s imilar  t o  t h a t  of t h e  s tudy  a r e a .  

A l i n e a r  r e l a t i o n s h i p  between d e n s i t y  and 
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Patchen (1977) observes that the brown shales become less radioactive to the east, although 
retaining the same dark color. 
matter may vary in the same shale formation. Thus some evidence suggests that the slope of the 
regression line might change from area to area, perhaps because of regional differences in the 
sedimentation rate, the nature of the organic matter, or the chemical composition of the sea water 
at the time of deposition. 

McKelvey and Nelson (1950) note that the ratio of uranium to Organic 

SUMMARY 

Crossplots of density and gamma-ray intensity from Devonian shales in three wells in Lincoln 
County, West Virginia, show a linear relationship between increasing gamma-ray intensity and 
decreasing density. 
coefficient between density and gamma-ray inten ity is -.962, and the standard deviation of density 
values about the least-squares fit is .017 g/cm . 
organic content is the only variable producing changes in formation density. 
factors other than organic content have only a second-order effect upon density variations. 

For intervals of relatively constant physical properties, the correlation 

9 Geochemical data predict a linear crossplot if 
The results imply that 

The gamma-ray log, properly corrected for borehole conditions, can be used quantitatively: 

1) To distinguish lithologic and stratigraphic units in the Devonian shale section and to 

2) To identify, by crossplotting with density, intervals where factors other than organic 
estimate their density with a precision approaching that of the compensated density log. 

content are contributing to density changes. 

Further work is needed to determine the regional validity of the approach, the possible 
dependence of crossplot slope upon location, and the range of density and gamma-ray values over 
which the linear relationships hold. 
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Figure  1. -- Crossplo t  of d e n s i t y  and gamma-ray i n t e n s i t y  w i t h  d i g i t i z e d  d a t a  smoothed by averaging  
20 f t  (6.1 m) i n t e r v a l s .  
d e v i a t i o n s  from t h e  r e g r e s s i o n  l i n e .  

Sol id  b l ack  symbols denote p o i n t s  more than  two s t anda rd  
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Figure  2 .  -- Crossplo t  of d e n s i t y  and gamma-ray i n t e n s i t y  wi th  d i g i t i z e d  d a t a  smoothed by averaging  
i n t e r v a l s  of r e l a t i v e l y  cons t an t  phys i ca l  p r o p e r t i e s .  
p o i n t s  more than two s tandard  d e v i a t i o n s  from t h e  r e g r e s s i o n  l i n e .  
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ABSTRACT 

AmexfVescorp in conjunction with U.S.E.R.D.A., Ohio E.R.D.A., and National Petroleum Corporation, 
is conducting a field demonstration test to provide information on the Devonian Shales, in Lawrence 
and Scioto Counties, Ohio which can be used in the immediate and surrounding areas to increase gas 
production from the shale. 

The general objectives of this program are to establish the effectiveness of remote sensing 
imagery as a tool in picking shale well site locations, to determine the benefit of advanced stimula- 
tion techniques, and to determine if a scaled up version of the fracture technique deemed to be the 
better of the two above would be a cost-effective method of improving production rates and reserves. 

Analysis of the remote sensing imagery was completed on May 24, 1977. Nine primary and twelve 
alternate well locations have been selected as a result of this work. 
will commence in the near future at which time coring and logging will be used to help determine which 
zones should be stimulated. 

The drilling of these wells 

Prepared for the Energy Research and Development administration, under Contract No. E(40-1)-5253. 

INTRODUCTION 

The devonian Shale underlies more than 100,000 square miles in the Appalachian area including 
such states as Kentucky, West Virginia, Michigan, Indiana, New York, Pennsylvania, Ohio and others. 
This Devonian Shale formation is the subject of much speculation because of large estimates of 
natural gas reserves. The U.S.  Energy Research and Development Administration and the Ohio Energy 
and Resource Development Agency have both gone on record as estimating gas in place in the Devonian 
Shale to be in the quadrillions of cubic feet in the continental United States. The Ohio ERDA has 
estimated that with existing technology, seventy (70) trillion cubic feet of gas could be produced in 
Ohio alone. 

Even with the impressive reserve estimates, the low field price for natural gas prevents the 
Shale from receiving any more than nominal attention from independent producers. 

The potential of the Devonian Shale is not a newly discovered horizon of productivity. Several 
thousand wells have and are producing natural gas from Shale. Most shale wells in the Appalachian 
area are contained in the Big Sandy Field of Kentucky and West Virginia in addition to several Ohio 
counties such as Lawrence, Scioto, Meigs and Licking. 
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It is generally recognized that the average shale well will outproduce the average sandstone 
well in Appalachia, but it takes several decades for the shale production to occur. The economics 
favor sandstone over shale because of cash flow considerations related directly to rate of produc- 
tion. Independent producers are economically attracted to the lower gross production of sandstone 
because of the more acceptable rate of return it provides. In contrast, while containing much larger 
recoverable reserves, the shale presently produces at so slow a rate of return as to deem it finan- 
cially unacceptable. This generalization would be more aptly applied to less fractured shale areas 
such as found in Ohio than to the highly fractured Big Sandy Field of Kentucky and West Virginia. 

The primary problem area with shale is stimulation. Shale is generally very tight, having 
porosities of 4 to 5 % ,  or less. The consensus of opinion for Appalachian Shale is that large pro- 
duction is a direct result of communicating with natural fracture systems either in the drilling 
operation or through stimulation. Therefore, if a well can be drilled into a natural fracture 
system and then be efficiently stimulated, economics resembling sandstone wells will hopefully result. 

The initial stimulation of Devonian Shales consisted of employing liquid nitroglycerine to 
explosively stimulate a small zone of the borehole. The zone of stimulation was usually no greater 
than 50 feet in thickness. The Shale section becomes several thousand feet thick in some areas of 
the Appalachian Basin. Liquid nitroglycerine proved very dangerous to use over a large interval. 

Eventually liquid nitro gave way to black powder and desensitized nitroglycerine. The majority 
This form of stimulation of shale wells have been treated with 80% gel which is desensitized nitro. 

allowed producers to treat thick zones of shale at a time. Zones as thick as 1200 feet have been 
treated with 80% gel. 

The introduction of hydraulic fraciuring in the Appalachian Basin eventually led to a compari- 
son between "shooting" 80% gel and "water fracing" in the shale. 
and others have compared these two stimulation methods in similar shale areas and have generally 
concluded that hydraulic fracturing with water was superior to shooting. 

Kentucky West Virginia Gas Company 

In recent years, several revolutionizing concepts in stimulation have been examined in the 
Devonian Shale. The U.S. ERDA, Columbia Gas System Service Corporation and others have examined 
stimulation methods such as stiff foam, cryogenic fracs, and liquid explosives. Results to date do 
not appear conclusive regarding the merits of these new concepts in stimulation because of a limited 
number of treatments for each type of stimulation and little direct comparison between the new stimu- 
lation techniques in the same shale field. 

This proposal seeks to make a direct comparison between stiff foam stimulation and cryogenic 
stimulation in Lawrence and Scioto Counties, Ohio. The State of Ohio has considerable shale history 
but very little in the way of  new stimulation techniques have been examined in Ohio Shales. None of 
the new methods have been employed in Lawrence and Scioto Counties which have been the most prolific 
shale production areas in the State. 

In addition to direct stimulation comparison, the program proposes to provide information con- 
cerning the Devonian Shale in Southern Ohio that is presently not available. Although many shale 
wells have been produced in the subject area, very little is known about the stratigraphy or physi- 
cal properties of this shale. 

Figure 1 indicates the townships from which productive shale wells have been recorded in the 
State of Ohio. The target area for this program is circled. 
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PROPOSED PROGRAM AND OBJECTIVES 

The general objectives of the proposed program are to identify natural fracture systems in the 

The 
shale by use of remote sensing imagery and also to establish the quantitative benefit of advance 
stimulation techniques compared to historic stimulation techniques in the Ohio Devonian Shale. 
historic stimulation treatment in Southern Ohio has been nitroglycerine or desensitized nitroglyc- 
erine. The proposed program will evaluate the effectiveness of stiff foam and cryogenic fracturing. 

The initial period of the program will be concerned with geologic study of the area including 
the interpretation of the available well information and remote sensing. 
sensing, the objective will be to extract geologic fracturellineament patterns in the area of ques- 
tion through use of the LANDSAT satellite and high altitude aircraft imagery available from the 
United States Geological Survey (USGS) Eros Data Center. 
imagery (SLAR), will be collected and analyzed. 

With respect to remote 

Similarly, recent low altitude and radar 

A comprehensive evaluation of stimulation alternatives in the Lawrence and Scioto County area 
would be of immediate benefit to the State of Ohio and the producers of the Appalachian area in pro- 
viding relief to Ohio's natural gas shortage. Equally important, however, is the base case data 
available from the currently producing wells in that area. Only six (6) shale wells were drilled in 
Ohio in 1975. A successful stimulation program would substantially increase the number of shale 
wells drilled and produced. 

In this program, we will be comparing stiff foam hydraulic stimulations with cryogenic stimula- 
tions. The questions we shall attempt to answer are: 

1. Are the stimulation treatments technically and economically feasible? 
2. 

3 .  Can we identify the zones where the treatment should be applied? 
4 .  What are the basic formation characteristics of this area which have made it a good producer? 

What basic data relative to the shale is necessary before the techniques will be commer- 
cially viable? 

Although this area has historically been a good producer, very little factual shale data exists. 
We will establish through cooperation with the Ohio Geological Survey, a comprehensive set of shale 
data. Although we know this area to be a prolific gas producing area, there is no data to relate gas 
producing potential with basic shale characteristics. 

In researching new techniques, we should first concentrate on the historically proven areas and 
then expand into the unknown areas. 
aimed at providing maximum probability of. success. 

Our proposed program takes such an approach and is, therefore, 

Foam, used as a fracturing fluid is a mixture of fluid, gas, a foaming surfactant and the 
propping agent. The liquid phase can be fresh water, diluted and concentrated acids, lease crude, 
etc. 
Currently, nitrogen is the gas used in foam fracturing due to its availability and other desirable 
qualities that make it acceptable to the oil field; however, many other gases could be used in 

The surfactant is chosen to combine with this liquid and form foam when mixed with the gas. 

FOAM-FRACm. 

Foam made with only these materials possess superior fluid-loss control, excellent proppant 
carrying capacity, and high viscosity. 
viscosity or the fluid leak-off characteristics of the foam. 

Chemical additives are not required to enhance either the 

Application of foam fracturing has had impressive, but limited, success. 

Minerals Management attributes the high deliverability increases in wells after stimulation with 
foam to the following: 

1. The low natural fluid l o s s  of foam limits invasion of the fracturing fluid to approximately 
one-half inch. Once production is initiated, the small amount of fluid is quickly returned 
to the fracture, and thus out of the well. 
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2. Absence of solid or chemical fluid-loss additives to control fluid leak-off during treat- 
ment leaves both the formation face and the proppant bed clean and thus maximum proppant- 
bed transmissivity can be utilized. 

The liquids in the foam constitute only 10% to 30% of the total foam volume. 
applications of the technique, approximately 90% of the liquids have been returned indi- 
cating that the formation does not become saturated with fluid. 

3. In field 

4. Clean-up time to date has been less than 12 hours on an average 20,000 gallon job. Well 
testing has usually commenced on the second or third day after fracturing. The short time 
the fluid is on the formation limits the amount of chemical reaction with the formation 
and clay absorption of the water. 

Cryogenic treatments in the shale have heretofore been limited. At least three such treatments, 
two by Columbia Gas and one by Kentucky West Virginia Gas have been carried out. The results of the 
cryogenic treatments appear to be very positive. However, substantial additional work remains to be 
done to evaluate cryogenic treatment results and provide a quantitative basis of comparison. 

LOGGING PROGRAM 

The following logging operations will be carried out on each well: 

7-718 inch empty hole: 
Temperature (1400 Feet to TD) 
Sibilation (Optional) 

7-718 inch fluid-filled hole: 
Compensated Formation Density (1400 feet to TD) 
Compensated Neutron Log (1400 feet to TD) 
Gamma Ray (Surface to TD) 
Borehole Compensated Sonic (1400 feet to TD) 
Dual Laterlog (1400 feet to TD) 

5-112 inch casing: 
Cement Bond (1400 feet to TD) 
Perforating Depth Control-Gamma Ray (1400 feet to TD) 

Post Stimulation 
Temperature 
Spinner Survey 
Gamma Ray - Beads 

FRACTURE DESIGN 

The fracture would consist of one projected fracture treatment in the selected shale interval. 
The maximum fracture interval has been chosen to be 150 feet. The actual interval to be treated 
would be determined upon completion of the well logging, coring and reservoir analysis. 

CORING PROCEDURE AND ANALYSIS 

The entire shale interval of the first well would be cored with foam after drilling to the top 
of the Shale section as determined by drill cuttings analysis. It is estimated that 150 feet will be 
cored in each of the next two wells. All core will be oriented. A 7-27/32 inch diamond core cutter 
with a 6-114 inch external diameter barrel would be used to cut a 4 inch diameter core. 

Immediately after each barrel of core is surfaced, it would be removed from the barrel, packaged 
and shipped to the U.S. ERDA in Morgantown, West Virginia for,core orientation. 
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WORK STATEMENT 

Nine wells are proposed to be drilled in the general area of Lawrence and Scioto Counties in 
Ohio. Pipelines are available near the project acreage. 

Geological evaluation of the area in Lawrence and Scioto Counties including remote sensing will 
be used to determine specific well locations. Every effort will be made to provide the stiff foam 
and cryogenic treatments with as similar conditions for test as possible, thus minimizing any bias 
that could occur through stimulating preferred wells with one type over the other. In the first six 
wells the stimulation designs will attempt to maintain the fracture radius per unit pay section con- 
stant for all treatments. 

Three of the initial six wells in the program will be stimulated with foam, the second three will 
Wells seven through nine will await the results of the first six wells. 

However, as a minimum the 

be cryogenic treatments. 

The specific stimualtion designs must await downhole information: 

At this time, it is estimated that 140,000 gallon foam fractures and 
treatments are expected to be at least comparable in volume to the hydraulic stimulation presently 
being used in Devonian Shale. 
40,000 gallon cryogenic fractures will be used on the first six wells. 

The remaining three wells could be stimulated with larger treatments than wells one through six 
depending upon initial results. 

DRILLING PROGRAM 

Upon selection of the first three well sites, an 11'' hole would be drilled to 1400 feet using air 

The first well would 
as the circulating medium to the bottom of the Berea Formation. The 8-518'' casing would be set and 
cemented to surface. 
be cored throughout the entire interval and selective coring of approximately 150 feet is projected 
for each of the two wells that follow. 
foot intervals on those wells not cored. 

Coring would then commence using foam as the fluid system. 

Samples would be obtained from 1400 feet to total depth at 10 

Upon completion of logging and preliminary reservoir testing, 5-1/2" casing would be set at total 
depth and cemented. A 3000 psi working pressure wellhead would be installed and the rig moved to the 
next location. 

There would be a gas detector unit on the well from the time the 8-518" casing is drilled out 
until total depth is attained. Information about total combustible gas and methane, liquid hydro- 
carbons and oil florescence in drill cuttings and lithology would be provided. 

The core would then be shipped to Core Laboratories, Inc. in Mt. Pleasant, Michigan for the 
following analysis: (1) Gamma Surface Log (2) Color Photo ( 3 )  Full Diameter Analysis, including 
porosity, grain density, fluid saturations, vertical permeability, oriented horizontal permeability 
in 45" quadrants (4) Gas Volume Test on Native State Core (5) Hydrocarbon Analysis ( 6 )  Core Slab 
(7) Fracture Analysis, and (8) Full Diameter Accoustic Velocity Test at 5 Overburden Pressures. 

Core samples will also be sent to Cardinal Chemicals for Core Flow Tests and Foam Evaluation. 
Representative samples of the core will be sent to Halliburton and Dowel1 for chemical analysis, 
fluid compatability and basic fracture treatment design. 

The Ohio Geological Survey plans a comprehensive evaluation of the Ohio Shale. TO the extent 
possible, our program will compliment the OGS project and we shall extract the maximum information 
from the OGS project for application in our testing program. 
the OGS. 

We will maintain constant liason with 

RESERVOIR TESTING 

A consulting engineer will design the detailed well testing package for this program. It is 
anticipated that reservoir properties will be obtained from analysis of the logs and core where avail- 
able. Drill stem tests will beerun if significant shows of gas are encountered. 

365 



6 AMEX/VESCORP DEVONIAN SHALE PROJECT ESG-20 

Open flows w i l l  be monitored throughout t h e  co r ing  and/or  d r i l l i n g  phase of each w e l l .  

Each w e l l  w i l l  be t e s t e d  a f t e r  t o t a l  depth is  a t t a i n e d  a f t e r  t h e  breakdown ope ra t ion  and a f t e r  
t h e  s t i m u l a t i o n  i n  o rde r  t o  d e s c r i b e  t h e  capac i ty  f o r  production of t h e  w e l l .  

Modified isochronal  four  po in t  d e l i v e r a b i l i t y  tes ts  and p res su re  draw down o r  b u i l d  up tests 
w i l l  be  conducted f o r  s u f f i c i e n t  amounts of t i m e  t o  o b t a i n  an optimum of information. 

PROJECT PROGRESS 

Phase I of our p r o j e c t ,  t h e  geologic  a n a l y s i s  of t h e  area, has  been completed. D r .  B. R. 
Henniger of Ashland College c o l l e c t e d  and analyzed Landsat and High A l t i t u d e  Imagery, Side Looking 
Airborne Radar Imagery, and I n f r a r e d  Imagery. By v i s u a l  a n a l y s i s ,  D r .  Henniger has  i d e n t i f i e d  and 
mapped t h e  major n a t u r a l  f r a c t u r e  systems t h a t  occur on t h e  s u r f a c e  i n  t h e  p r o j e c t  area. 
went i n t o  t h e  area on f o o t  t o  v e r i f y  t h e s e  f r a c t u r e s .  
t h a t  had been s tud ied ,  bu t  he d id  spend four  days v e r i f i n g  t h e  f r a c t u r e  systems t h a t  he had access  
to .  Therefore ,  i t  i s  bel ieved t h a t  t h e  e n t i r e  area s tud ied  has  been a c c u r a t e l y  analyzed. 

H e  then 
D r .  Henniger could not  cover t h e  e n t i r e  area 

D r .  Henniger a l s o  measured s u r f a c e  f r a c t u r e  d i p s  while  i n  t h e  area. Out of 255 f r a c t u r e  d i p  
measurements, only one w a s  i n  excess  of 15' from v e r t i c a l .  Thus by d r i l l i n g  w e l l s  a t  i n t e r s e c t i o n s  
o r  zones of s u r f a c e  f r a c t u r e  systems, w e  should be a b l e  t o  encounter t hese  same f r a c t u r e  systems a t  
*2000' i n  a s h a l e  w e l l .  
almost v e r t i c a l  d i p ,  w e  should e a s i l y  encounter them upon f r a c t u r i n g  t h e  w e l l .  

I f  t hese  systems are not  encountered by t h e  wel lbore i t s e l f ,  due t o  t h e  

Af t e r  compiling t h i s  d a t a ,  D r .  Henniger recommended 9 primary and 12 a l t e r n a t e  w e l l  l o c a t i o n s  on 
acreage wi th in  and surrounding t h e  p r o j e c t  area. T i t l e  surveys are now being done on these  l o c a t i o n s .  
D r i l l i n g  of t h e  f i r s t  w e l l  should commence i n  September, 1977.  
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OIL AND GAS FIELDS OF OHIO 
Figure 1 Townshi s from which roductive (domestic and largely 

margina! commercial) &ale wells have been recorded, 
Indicated by dot (0). 
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CHEMICAL EXPLOSIVE FRACTURING 
OF EIGHT TIGHT GAS WELLS 

S. J. LaRocca, Petroleum Technology Corporation 
Arthur M. Spencer, Petroleum Technology Corporation 

Redmond, Washington 

ABSTRACT 

The o b j e c t i v e  of t h i s  j o i n t  ERDAfindustry program is  t o  eva lua te  t h e  p o t e n t i a l  of chemical explo- 
s i v e  f r a c t u r i n g  using up t o  30,000 pounds of explosives  t o  s t i m u l a t e  and enhance recovery of gas from 
t i g h t  r e s e r v o i r s .  
West Vi rg in i a .  

S ix  of t h e  e i g h t  wells are i n  t h e  Devonian Shale:  t h r e e  i n  Kentucky and t h r e e  i n  
The remaining two w e l l s  are i n  t h e  Canyon Sands of southwest Texas. 

A gene ra l  d e s c r i p t i o n  of t h e  on - s i t e  explosive manufacturing, placement and de tona t ion  techniques 
is  presented.  
on and s t imu la t ed  t o  da t e .  The program is  cont inuing.  

Details of t h e  pre-shot and post-shot t e s t i n g  and product ion are given on w e l l s  worked 

INTRODUCTION 

During t h e  f a l l  of 1976 t h e  United States  Energy Research and Development Adminis t ra t ion (ERDA) 
and Petroleum Technology Corporation (PTC) completed n e g o t i a t i o n s  and c o n t r a c t s  t o  s t i m u l a t e  e i g h t  
t i g h t  gas  w e l l s ,  i n  a j o i n t  ERDAfindustry program, using chemical explosive f r a c t u r i n g .  The o b j e c t i v e  
i s  t o  eva lua te  t h e  p o t e n t i a l  of chemical explosive loads ,  up t o  30,000 lbs . ,  t o  s t i m u l a t e  and enhance 
recovery of gas  from t i g h t  r e s e r v o i r s .  

Three c o n t r a c t s  cover t h e  eight-wel l  program. Key f e a t u r e s  of t h e  program are presented i n  Table  1 
The indus t ry  p a r t i c i p a n t s  provide t h e  tes t  w e l l s  and/or  t e c h n i c a l  a s s i s t a n c e ,  equipment and l e a s e s .  
b r i e f  d e s c r i p t i o n  of t h e  explosive manufacturing and placement process  precedes t h e  summary of t h e  f i e l d  
work accomplished to  d a t e  under t h e  t h r e e  c o n t r a c t s .  

A 

EXPLOSIVE MANUFACTURING AND PLACEMENT PROCESS 

Petroleum Technology Corporat ion 's  technique of exp los ive  s t i m u l a t i o n  of o i l / g a s  w e l l s  i s  in-  
This  i s  due t o  t h e  unique on - s i t e ,  downhole h e r e n t l y  s a f e r  than o t h e r  methods p r e s e n t l y  employed. 

manufacturing process .  
on t h e  su r face .  
t o  a mixer,  where they  combine t o  form a high energy l i q u i d  explosive.  
placed down t h e  tubing t o  t h e  formation t o  be f r a c t u r e d .  
t h e  remote explosive manufacturing and displacement process  i s  i l l u s t r a t e d  i n  Figure 1. 
d e t a i l s  w i l l  be found i n  t h e  Proceedings of t h e  Second ERDA Symposium on Enhanced O i l  and G a s  Re-. 
covery, Volume 2 - Gas, page C-7. 

Prepared f o r  t h e  Energy Research and Development Adminis t ra t ion under Contract  Numbers EY-76-C-08-0685, 
EY-76-C-08-0686 and EY-76-C-08-0687. 

No explosives  (except f o r  112 l b .  used i n  t h e  de tona to r fboos te r )  are handled 
A f u e l  and an o x i d i z e r  are pumped down i n t o  t h e  w e l l  some 100 f t .  below t h e  Surface 

The explosive i s  then d i s -  
The usua l  deployment of t h e  equipment f o r  

Addit ional  
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2 CHEMICAL EXPLOSIVE FRACTURING EGS-2 1 

TECHNICAL PROGRESS 

Kentucky Program (EY-76-C-08-0685 

Five criteria were established as guides for the selection of an existing well to be stimulated 
by chemical explosive fracturing. (1)  had been previously shot with 
conventional 80% gel explosive; ( 2 )  is offset by hydraulically fractured wells; (3)  produces at a 
rate below average for the area; ( 4 )  has sufficient reservoir potential and/or gas reserves to war- 
rant a re-stimulation attempt and, (5)  is in the vicinity of surface lineaments determined from ERTS 
and U-2 photographs. 
number 6810 located in Perry County, Kentucky, emerged as the best candidate. PTC purchased this 
well from Kentucky West Virginia Gas Company for use in this program. 
it is known as well 685-1. 

This well should be one which: 

After examining files for several wells combined with on-site inspections, well 

For contract identification 

Thirteen years ago the wellcamein at 60 MCFPD, following a 4225 lb 80% gel shot. Gas produc- 
Off- tion had declined to a rate of 9 MCFPD by late 1976 when the well was selected for treatment. 

set wells had been successfully hydraulically fractured, and the well was in the vicinity of surface 
lineaments determined from remote sensing imagery. Following a recent 17 day shut-in period, the 
surface pressure was 337 psig and the bottomhole (3200 ' )  pressure was 454 psig. Later surface pres- 
sure readings, after being shut-in 60 days, were up to 393 psig, about 150 psi less than the original 
pressure and the current pressure of an offset hydraulically fractured well. The pressure survey 
also indicated the presence of about 250 ft. of liquid in bottom of the well, which must have entered 
the wellbore through the open hole section above the shale. The liquid, later found to be oil, while 
creating an unnecessary back pressure of the shale, probably caused reservoir skin damage which could 
account for the poor producing performance of this well. A wellbore diagram, Figure 2 ,  illustrates 
the downhole situation prior to cleanout of the rubble from the original shot hole. 

Initial cleanout operations were begun in mid-March, 1977. Approximately two barrels of light 
greenoil, heavy oil and grease-like substance were recovered from the well by venting and swabbing 
operations. 
recovered, varied from 60 to 125 MCFPD. 
and tubing were pulled from the well. 
time and filled the annulus above the packer. 
bottom and halted all gas flow. 
hole began to fill up in spite of drilling and bailing efforts. 
actually filled up 213 feet to 2877 feet. 

Gas flow rates, as measured to atmosphere with a pitot tube-manometer after the oil was 
Gas production ceased almost immediately when the packer 

Evidently water had been leaking through the casing for some 

The shale continued caving in the hole at such high rates that the 
In fact, after five days, the hole 

Thus, when the packer released, the water fell to the 

Water flow increased from 20 to 70 gallons per day and caused continual sluffing from the formation 
wall. 
to halt or reduce the leaks by squeeze cementing and tightening the casing. 
influx actually increased to 240 gallons a day through holes in the casing. 
halted by running a full 7" x 5 1/2" tapered liner inside the old casing and cementing it in place. 

Cavings were cleaned out to 3030 ft., some 230 ft. above the original TD, and efforts were commenced 
These efforts failed and Water 
The water influx was finally 

Cleanout was accomplished using 5" tools. Some sluffing still occurred until a sodium silicate 
solution was spotted in the well at regular intervals. 
ft, which, according to the original drilling records, was 14 feet below the base of shale. 

By June 2 3  the well was cleaned out to 3244 

The GR logging tool picked up two "hot spots" at 3218 feet to 3196 feet and 2900 feet to 2892 
feet, which tend to be characteristic of the Devonian Shale; while the dual pad caliper tool indi- 
cated the diameter of the open hole below the 5-1/2 inch liner ranged from just under 7 inches to 
in excess of 18 inches. The temperature log showed cooling effects at approximately 2835 feet, 
2985 feet and 3070 feet, indicating possible gas entry points into the wellbore. 

Following interpretation of the logs, preparation for the production and reservoir tests be- 
gan by running the production equipment in the well. 
well on 2-318 inch steel tubing and set in the open hole at 2627 feet (tubing measurement). 
3 illustrates the existing downhole configuration of the well as it is prepared for the testing. 

A Lynes PI inflatable packer was run into the 
Figure 

After the tubing was landed in the wellhead on June 3 0 ,  the gas flowing through the tubing was 
meausred with a 2-inch pitot gauge at 60 MCFPD. 
tubing pressure increased to 150 psig in 13% hours. 
hole pressure gauge was run into the well and positioned at 3150'. 
for an extended pressure buildup test. 

The well was shut-in overnight and the surface 
The well pressure was bled down and a bottom 

The well was shut in on July 1 
These data are tabulated in Table 2. 

369 



EGS-21 LAROCCA & SPENCER 3 

After 40 days of pressure buildup, a 4-point modified isochronal test was run. 
from this test is presented in Table 3 .  Both surface and bottomhole pressure measurements are shown. 
The well is currently on long term stabilized flow test. 
modified isochronal and stabilized flow tests should provide an insight into such reservoir parameters 
as maximum reservoir pressure, pressure drawdown, gas deliverability, Kh and skin damage effects. 
These pretreatment parameters would then be compared to similar characteristics obtained after the 
shale section is subjected to chemical explosive fracturing. 

Selected data 

The data gained from the pressure buildup, 

Explosive placement: is dictated by the information gained from the logs. Five possible gas 
zones were indicated by the gamma ray and temperature logs. 
ian Shale section. 
TD the hole diameter variqs; 50 feet of hole is 18" or more, 80 feet of hole is between 15" and 18", 
with 280 feet between 8 and 15 inches (average 11.75"). A 30,000 lb. load of PTC-4 explosive will 
fill this large borehole and permit simultaneous treatment of all of the indicated gas zones. 

They are scattered over the entire Devon- 
Hole size can be determined from the caliper log. From the top of the shale to 

This well is scheduled for CEF by the 1st of December 1977. Following treatment of this existing 
well, two new wells will be drilled to the Devonian Shale in Eastern Kentucky for this program. The 
locations selected will be governed primarily by the presence of lineaments determined from remote 
sensing imagery studies prepared by MERC personnel. 
completed open hole through the Devonian Shale formation. The actual treatments will be designed to 
permit injection of a large quantity of the explosive into the formation prior to detonation. 
shot production testing will be carried out before and after rubble removal in order to ascertain 
the effect of wellbore rubble on gas production. 

These two wells will be drilled, logged and 

Post 

West Virginia Program (EY-76-C-08-0686 

The three wells for this program are located on a 1258 acre parcel of land in Lincoln County, 
West Virginia, obtained as a farmout from Columbia Gas System. 
Branchland, W.Va. The first well 686-1, has been drilled, chemically explosive fractured and is now 
on production. 
cleanout of the rubble zone after treatment and almost caused the well to be abandoned. 
Rig NO. 7 moved on location October 8, and it is expected that both wells 686-2 and 686-3 will be 
drilled and cased by October 21. 
sensing imagery analysis which was used to select the drilling locations. 
of the wells relative to the area joint strike data. 
wells which have been completed with various hydraulic fracturing techniques. 
test data will be used to compare the effectiveness of this chemical explosive fracturing technique. 

The site is roughly 8 miles west of 

Two downhole gas-air explosions in the casing during workover operations prevented 
Ray Resources 

This site is traversed by many lineaments determined from remote 
Figure 4 shows the location 

Production and flow 
Also ,  in this region are several Devonian Shale 

The location for the first well was prepared in Jan and Feb 1977 during a let up of the severe 
winter weather experienced in the eastern U . S .  Eight days were required by the rotary rig to air 
drill the Well No. 1 to TD, 3795 ft. Drilling, cementing and casing the well were accomplished using 
conventional techniques and equipment. The production string consisted of 7", 20 lb. 5-55 casing 
set at 2505 feet and cemented back to 1500 feet. 
various shale sections. 
to treatment. The open hole section was logged using gamma ray, compensated density, caliper, induc- 
tion and neutron tools. Following the logging operation the fiberglass tubing, packer, mixer, dual 
oxidizer and fuel tubing strings and Command Fire Detonator were run into the well. A s  a backup to 
the Command Fire Detonator, a mechanical type 1" O.D. timebomb detonator was run into the well through 
the tubing using a wireline prior to mixing and injecting the explosive. Refer to Figure 5. 

A 6+" diameter hole extended nearly 1300 feet through 
No measureable gas show was encountered in the Devonian shale section prior 

The explosive manufacturing process took place without incident. Oxidizer and fuel were pumped 
into the well down to the mixer and explosive was manufactured and displaced into the open hole and 
formation at rates up to 55GPM (620 lblmin.). 
manufacturing process. 
factured prior to displacing the explosive from the tubing. 

Wellhead pressure were zero throughout the entire 
A total of 29,400 lbs, or roughly 2700 gallons, of PTC-4 explosive was manu- 

Treated fresh water was employed to displace the wiper plug and explosive from the tubing. Aside 
from separating the explosive and water, the wiper plug is designed to trigger the Command Fire Detona- 
ter when it seats in the baffle located below the packer. However, the plug failed to seat after pump- 
ing approximately 200 gallons more water than calculated to reach the baffle. 
indicated the fiberglass tubing had apparently split somewhere above the baffle and below the packer, 
which permitted the displacing water to escape from the tubing and thus prevented displacement of the 
plug to the baffle. A sinker bar and wireline was run into the well and encountered the plug about 
8' above the baffle. 

Subsequent investigations 

While tagging the plug with the sinker bar, the plug was pushed into the baffle, 

370 



4 CHEMICAL EXPLOSIVE FRACTURING EGS-21 

which activated the Command Fire Detonator. Detonation of the explosive occurred immediately, trapping 
the wireline in the tubing. 
the detonation gases up the tubing. 

The wireline and debris plugged the tubing and prevented the release of 

The wireline and tubing were cut at about 2000 feet and pulled from the well. A rock bit was 
used to cleanout the hole to about 2080' where a tight spot in the casing was encountered. 
pulling the drill string and bit it was noted that the well was producing gas through the vent line. 
Measurements made using a manometer-type gauge revealed the well was flowing gas at the rate of 265MCFD. 
The gas was flared to confirm that it was not detonations products which are non-combustible. 

After 

Subsequent efforts to mill through the tight spot in the casing using air resulted in two down- 

Gas production declined from 265MCFPD to 133MCFPD after 
hole gas-air explosions and fires. 
jars, subs and tapered mill) in the casing. 
the fire. 
plete the well for production. 

The drill string parted leaving 18 feet of junk (oil jars, bumper 

A 2 318'' tubing string with a packer were run into the well and set above the junk to com- 

Flow tests and pressure build up surveys were run after the well was connected to the pipeline. 
Gas flow rates against pipeline pressure of 20 psi ranged from 18 to 66 MCFPD. 
pressure reached during the buildup survey was 425 psig which translates to a bottom hole pressure 
at 3108 feet of 472 psig. 
is not possible due to the debris and junk in the well, production from the well will continue to be 
monitored and compared to the results achieved on WellsNos. 686-2 and 686-3. 

The maximum surface 

Although quantitative analysis of the pressure buildup and drawdown data 

The 7" casing points in wells Nos. 686-2 and 686-3 will be slightly below the Injun Sand instead 
of below the Berea Sand as was the case in well No. 686-1. 
shaley Berea Sand interval to isolate the 1300 foot open hole section in the Devonian Shale for treat- 
ment with 30,000 pounds of PTC-4 explosive. Approximately 100 - 150 feet of frac sand and cement will 
be employed to backup the packer. 
a solid tamp should eliminate the possibility of damage to the 7" casing when the in situ explosive 
is detonated. Considering the gas production increase (0 to 265 MCFPD, open flow) realized from 
treatment of well 686-1 prior to the gaslair explosion, it is believed these well completion changes 
will enhance greatly the chances of successfully stimulating the shale in this area. 
all tubing will be carefully inspected and pressure tested prior to running it in a well to be treated. 

An inflatable packer will be set in the 

The high casing points plus use of inflatable packers backed with 

In addition, 

Texas Program (EY-76-C-08-0687) 

This two well program is to demonstrate the technical and economic feasibility of CEF in the 
tight lenticular Canyon Sands of the Val Verde-Kerr Basin in Sutton County, Texas. 
ament analysis from LANDSAT and aerial photographic mosiacs, combined with more conventional geologi- 
cal factors, such as contours of the base of the Canyon Sands and elevated structural terrain, were 
used to define favorable drilling sites. Nearby producing wells were also desired for post stimulation 
comparisons. 
participants; Union Oil of California, ERDA and PTC. The well location is some 20 miles southwest of 
Sonora and is identified as W.E. Sawyer "4" Well No. 1 by Union Oil, but is designated Well No. 687-1 
for purposes of contract association. 

A detailed line- 

Following a review of these data, concurrence on the location was reached by the three 

Drilling was done with air and mist with a rotary unit to 7337 ft. 
set at 5966 ft and the 5 718 inch open hole section extends 1371 feet more to TD. 
tracer survey and differential temperature logs were run. 
gas entry regions are at 7150 - 7158 ft and 7188 - 7196 ft, with some gas coming from the bottom 
of the well. 
analyzed by Union's Research Department in Brea, California. After being shut in 42 days, the bottom- 
hole pressure built up to 1380 psig. 

The 7 inch 23 lb casing was 
Borehole audio 

The temperature survey indicated major 

Prestimulation pressure build up and flow tests have been run and are currently being 

The gas flow rate stabilized at 12 MCFPD during drawdown tests. 

It was originally proposed to treat the entire 1371 foot open hole interval in two stages using 
a total of 60,000 pounds of explosives. Since the temperatures and acoustical logs show the gas is 
entering the wellbore near the bottom of the hole, the treatment design has been altered to use 
30,000 pounds over the bottom 600 - 800' of open hole. 

If the test programs in Kentucky and West Virginia go as scheduled, the PTC rigs could move on 
this Sutton County well during the first half of 1978. The actual treatment should take between 7 
and 10 days to complete, after which the well will be flow tested and cleaned out as necessary to 
fully evaluate the treatment. 
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CONCLUSIONS AND SCHEDULE 

Although progress in conducting field tests under these three contracts has not been as rapid 
as anticipated, the results obtained in treating the first well in West Virginia indicate CEF can be 
an effective means of stimulating tight gas wells completed in the Devonian Shale if mechanical and 
placement problems can be solved. Problems associated with the test on well 686-1 have been analyzed 
and steps are being taken to prevent reoccurence on future tests. 

Cleanout and remedial techniques employed in preparing the previously shot well in Kentucky 
could point the way to preparing other similarly completed shot wells if CEF is successful in revital- 
izing the gas production. 
work is dictated by the mountainous terrain and small drill site locations of these old wells. 

Modifications are currently being made in PTC's downhole equipment as a result of a premature 

The use of a cable tool rig instead of an air rotary rig for this type of 

detonation in a 7500 foot deep oil well in south Texas. That particular program is geared to evalu- 
ating CEF in the Austin Chalk Formation and is being carried out under a separate industry contract. 
While these changes are aimed at preventing similar early detonations in these deep, high temperature 
wells, the modifications should improve the PTC process and will be employed in the shallower Devonian 
Shale wells. It is anticipated that these equipment modifications will be completed and field tested 
in a well by the first of November. 

Field testing of the PTC CEF process is expected to be underway by the first week of November. 
Wells 686-2 and 686-3 in Lincoln County, West Virginia are expected to be treated by the middle of 
November. The PTC rigs will then move to Perry County, Kentucky to test the process in well 685-1 
by the first of December. The results of these tests, as well as performance of the revised down- 
hole equipment, will be evaluated prior to moving the rigs to Texas for treatment of the 7500 foot 
deep well in Sutton County. Allowing for these evaluations a d  inclement weather, it is expected 
that well 687-1 will not be treated before March 1978. 
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TABLE 2 

WELL 6810 BOTTOMHOLE PRESSURE DATA 

Time 
(Days) 

0 

. 1  

.2 

.3 

.4 

.5 

.7 
1 .o 
1.5 
2.0 

2.5 
3.0 
4.0 

5.0 
6.0 
8.0 
10.0 
14.0 

17.0 
21 .o 
28.0 

33.0 
40.0 

Pressure 
( p s i )  

108 

138 
157 
170 
182 

191 
209 
224 
248 

267 
280 

293 
31 0 
326 
341 
357 
3 73 
387 
397 
407 
420 

432 

436 

7 

374 
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TABLE 3 

WELL 6810 FLOW TEST RESULTS 

Time 
(Hrs.)  

0 

0 

3 

3 

6 

6 

9 

9 

12 

12 

15 

15 

18 

18 

21 

21 

We1 1 
Condition 

Shut in  

Flowing 

Flowing 

Shut i n  

Shut i n  

F 1 ow i ng 

F I  ow i ng 

Shut i n  

Shut in  

F 1 ow i ng 

F 1 ow i ng 

Shut in  

Shut in  

Flowing 

Flowing 

Shut i n  

Flow Rate Bottom Hole 
( HC FPD) Pressure (psig) 

435.7 

42.94 435.7 

38.89 399.3 

-- 

399.3 -- 

90 - 70 
72.29 

143.29 

106.50 

419.6 

419.6 

336.7 

336.7 

381.1 

381.1 

246.7 

246.7 

322.7 

292.57 322.7 

119.73 115.3 

115.3 

-- 

-- 

Surface Pressure 
( p s i  9) 

410 

410 

370 

3 70 

390 

390 

310 

310 

328 

328 

240 

240 

290 

290 

110 

110 

375 
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FI u 
ins 
197 

n/ //'/ / 

lO-3/4" Casing Set a t  205' 6 
Cwtented w i t h  20 Bags F i rec lay  

L 

16" Linepipe Set a t  16' 

* 10'' Hole 

Poss. Cavlngs --q --__ 
Bare 3230' 32G 

Orlalnrl 

2371' of 7'' 2O# / f t .  Casing 
Set on Bottom Hole Packer 
and Not Cemented i n  Place 

2504' But ler -Lark in  
Packer 

6.3'' t o  6.4" Hole c 
Bottom o f  Tubing 
e 3222' c Plugged 

TD 
D r l l  l e r ' r  

nbruremen t s 
FICURL 2 

WELL MO. 685-1 PERRY COWTY, UMTUCKY 

E L L  BORE DIAGRAM PRIOR TO WORKOVER 
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i ne  Pipe Set a t  

20 Bags F i r e  Clay 7 x 5-1/2 Swage, 179' t o  

Or ig ina l  7'' Caring Cut 

Estimated Top o f  S e c o v  
Cement Job a t  500' 

10" Hole from 205' t o  1822' 

op of Cement, F i r s t  
queeze Attempt 1684' 

Water Sand 1740' t o  1745' 7", 201 x 5-1/2", 15.51  L i n e r  
Set a t  2570' t Cemented to 
Surface w i th  220 sw o f  
Class "A" Cement 

8" Hole from 18221 t o  237 

Packer a t  2350' 

Base B i g  Lime 2595' 

a; 2627' on 2-3/8" Tubing 

7" to  10'' Hole 
L 

Shot Hole Diameter Varies From 

TD 3241 '  

FIGURE 3 
VELL NO. 685-1 PERRY COUNTY, KENTUCKY 
COMPLETED FOR PRODUCTION TESTING 

Lvnes P I  I 

16' 

180' 

'1  ' 

3200' 
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Dual 1500 p s i g  W.P. 
0 Tubing CSG Head '7k" xidizer - CSG Pressu r i za t i on  L ine  

D& 

1"  S.S. "-80) T u b i n g d  

S.S. Mixer 
Set a t  115l- 

13-3/8" 48# CSG @ 30' 

12'  Long 2-3/8" EUE S.S 

Explosive 
Ins ide Tubing- 

J o i n t  Below H ixe r  

9-5/8" 32.3# CSG @ 652' 

CSG Tbg Annulus Pressur ized 
w i t h  A i r  t o  300 p s i g  Dur in 
Hanufactur ing Process 

2' Long 2-3/8" EUE S.S. Pup 
J o i n t  Above Packer 

7" 20# CSG a t  2505' 

T.D. 

C o w  r 

Calculated Top o f  
Cement @ 1500' 

2-3/811 EUE, 2000 ps i  Rated 
F.G. Tubing from Top o f  
Packer t o  S.S. J o i n t  Below 
Mixer 

Bottom o f  Baker Hodel I 'D" 
Packer w i t h  S.S. Seal 
Assembly and Seal Bore 
Extension Set @ 2491 '  

Camwnd F i r e  
Detonator on 
Bottom o f  Tubing k )795 I @ 3788' 

'es isor 

FIG. 5 
WELLBORE DIAGRAM OF 
WELL N0.686-1 WITH TREATING 

EQUIPMENT I N  PLACE. 
LINCOLN COUNTY, WEST VA. 
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DYNAMIC PROPERTIES OF DEVONIAN SHALES 

W. J. C a r t e r  
B. W. O l i n g e r  

Los Alamos S c i e n t i f i c  Labora tory  
Los Alamos, N.M. 87545 

ABSTRACT 

Successful p r e d i c t i o n  and o p t i m i z a t i o n  o f  e x p l o s i v e  e f f e c t s  i n  geo log i c  m a t e r i a l s  r e q u i r e s  a 
thorough knowledge o f  t h e  c o n s t i t u t i v e  r e l a t i o n s  govern ing  t h e  rock  response t o  impu ls i ve  load ing .  
Such c o n s t i t u t i v e  r e l a t i o n s  must i n c l u d e  d e s c r i p t i o n s  o f  bo th  wave propagat ion  and f r a c t u r e  phenomena 
under dynamic s t ress .  The i n i t i a l  phase o f  o u r  program t h e r e f o r e  has been d i r e c t e d  toward a c q u i r i n g  
these bas i c  data. Here, some o f  t h e  dynamic p r o p e r t i e s  o f  gas sha les  and the  techniques used t o  de- 
te rmine  them a r e  discussed. 

ELASTIC PROPERTIES 

The f i r s t  s t e p  towards unders tand ing  bo th  s t a t i c  and dynamic s t r e s s  response i s  de te rm ina t ion  o f  
t h e  e l a s t i c  cons tan ts .  The samples whose dynamic p r o p e r t i e s  a r e  presented here  were ob ta ined  from 
two p ieces  o f  co re  f rom Columbia Gas Well  No. 20402, one f rom approx imate ly  1040 m and t h e  o t h e r  from 
1092 m below the  surface. X-ray d i f f r a c t i o n  p a t t e r n s  showed b o t h  t o  be common i l l i t e  shales, where 
t h e  compos i t ion  i s  ve ry  f i n e  s i l i c a  o r  q u a r t z  g r a i n s  and a minor amount o f  anhydrous c l a y  m ine ra l s .  
The d e n s i t i e s  o f  t h e  two p ieces  were 2.7 g/cm3 (1040 m i n  depth)  and 2.4 g/cm3 (1093 m). 
s i t i e s  span a commonly accepted average b u l k  d e n s i t y  o f  2.55 g/cm3 f o r  eas te rn  gas shales. 

These den- 

The e l a s t i c  p r o p e r t i e s  o f  t h e  samples i n v e s t i g a t e d  appear t o  have t r a n s v e r s e l y  i s o t r o p i c  symmetry. 
T h i s  means t h a t  t h e r e  i s  an e l a s t i c  symmetry a x i s  o f  r o t a t i o n  pe rpend icu la r  t o  t h e  bedding and an 
e l a s t i c  a x i s  o f  two - fo ld  symmetry i n  t h e  bedding planes. 

The samples were prepared f o r  sound speed measurements by c u t t i n g  them i n t o  p l a t e s  30 t o  60 mm i n  
diameter and 2.0- t o  7.5-mm-thick a t  ang les  Oo, 45",  and 90" t o  t h e  bedding. D e n s i t i e s  were d e t e r -  
mined by immersion. The sound speeds were determined f rom t h e  d i f f e r e n c e  i n  t r a n s i t  t ime  f o r  an 
u l t r a s o n i c  p u l s e  t r a v e r s i n g  an aluminum p l a t e  and t h e  combina t ion  o f  t h e  same aluminum p l a t e  and a 
sample p l a t e .  Because o f  i n t e r f e r e n c e s  o f  t h e  u l t r a s o n i c  pu lses  a t  t h e  sha le  bedding i n t e r f a c e s ,  o n l y  
f i r s t  pu l se  a r r i v a l s  were measured. S p e c i f i c a l l y ,  an aluminum p l a t e  i s  s e t  between t h e  t r a n s m i t t i n g  
and r e c e i v i n g  22-mm-diameter t ransducers  ( I 0  MHz x -cu t  q u a r t z  f o r  l o n g i t u d i n a l  modes and 5 MHz y-cu t  
q u a r t z  f o r  shear modes). The f i r s t  s i g n a l  a r r i v a l  th rough the  p l a t e  i s  s e t  t o  a f i d u c i a l  on the  
screen o f  a T e k t r o n i x  454 osc i l l oscope .  
a m p l i f i e r .  The gas sha le  specimen p l a t e  i s  p laced between t h e  t ransducers  a long  w i t h  the  aluminum 
p l a t e .  A s u i t a b l e  o i l  o r  r e s i n  i s  used t o  bond a l l  sample-plate-transducer i n t e r f a c e s .  The f i r s t  
s i g n a l  a r r i v a l  i s  aga in  r e s e t  t o  t h e  f i d u c i a l  us ing  t h e  d e l a y - t i m e - m u l t i p l i e r  d i a l  o f  t h e  o s c i l l o -  
scope. The de lay  o r  t ime  d i f f e r e n c e  was determined u s i n g  a t ime  i n t e r v a l  meter o f  nanosecond accu- 
racy  and t h e  two ga te  pu lses  generated by the  osc i l l oscopes .  

The rece ived  p u l s e  i s  a m p l i f i e d  by a T e k t r o n i x  461A wideband 

We have assumed t h a t  t h e  e l a s t i c  wave v e l o c i t i e s  a r e  a l i n e a r  f u n c t i o n  o f  d e n s i t y  over  t h e  range 
s t u d i e d  here. 
low w i t h  a d e s c r i p t i o n  o f  each. 

The l i n e a r  equat ions  f o r  t he  f i v e  d i f f e r e n t  p ropagat ion  modes measured a r e  l i s t e d  be- 
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2 
V 1  = +1.679 t 

Vl  i s  t he  l ong  

V = -1.003 + 

V i s  t h e  long 
3 
3 

DYNAM 
,277 P 

t u d i n a l  v e l o c i t y  d 

.808 P 

t u d i n a l  v e l o c i t y  d 

V 4  = -1.332 + 1.438 p 

C PROPERTIES OF DEVONIAN SHALES 

r e c t e d  para1 l e l  t o  t h e  sha le  bedding. 

rec ted  pe rpend icu la r  t o  t h e  sha le  bedd 

EGS 22 
1 )  

V 4  i s  bo th  the  shear v e l o c i t y  d i r e c t e d  pe rpend icu la r  t o  t h e  bedding o f  t he  shale,  and t h e  shear 
v e l o c i t y  d i r e c t e d  p a r a l l e l  t o  t h e  bedding w i t h  p a r t i c l e  mot ion  pe rpend icu la r  t o  the  bedding. 

4) v = +1.151 + 1.245 p 5 
5 V i s  a q u a s i - l o n g i t u d i n a l  v e l o c i t y  d i r e c t e d  a t  45" t o  t h e  bedding. 

v6 = -1.416 + 0.627 p 

V i s  t h e  shear v e l o c i t y  d i r e c t e d  p a r a l l e l  t o  t h e  bedding w i t h  t h e  p a r t i c l e  mot ion a l s o  para 6 t o  t h e  bedding. 

The v e l o c i t i e s  a r e  conver ted  t o  t h e  e l a s t i c  modul i  o f  a t ransve rse  i s o t r o p i c  s o l i d  by t h e  fo  
i n g  r e l a t i o n s :  

2 
C l l  = P v 1  

c33  = P v3 

c44  = P v4 

2 

2 

2 c66 = P v6 

5 2  = cll - 
C 1 3  = [(.5c 

'66 

2 2 1 /2- 1 + .5C44 - pV5 ) ( -5C33 + -5C44 - pV5 )/.251 c44 
B (bu l k  modulus) = (C33 + 2C13 ) 2 / ( c33  + 2Cll + 2CI2 + 4CI3). 

5)  

l e l  

1 ow- 

The e l a s t i c  modul i  and b u l k  sound speed f o r  t h e  two d e n s i t y  shales s t u d i e d  here  and t h e  average b u l k  
d e n s i t y  sha le  a r e  l i s t e d  i n  Tab le  1.  

D Y N A M I C  TENSILE STRENGTHS 

D ive rgen t  p ropagat ion  o f  a shock wave i n  e i t h e r  s p h e r i c a l  o r  c y l i n d r i c a l  symmetry r e s u l t s  i n  an 
i n i t i a l  p o s i t i v e  a x i a l  compression which r a p i d l y  conver t s  i n t o  tens ion .  Th is  dynamic t e n s i l e  hoop 
s t r e s s  i s  a ma jor  cause o f  r a d i a l  f r a c t u r e  i n  t h e  sur round ing  rock. I n  a d d i t i o n ,  s p a l l i n g  o r  s lab -  
b i n g  occurs  when t h e  r a r e f a c t i o n  o r  re lease  wave from a f r e e  su r face  and t h e  r a r e f a c t i o n  wave f o l l o w -  
i n g  t h e  shock i n t e r a c t  and form a spread ing  tens ion  wave. Thus, t h e  dynamic t e n s i l e  s t r e n g t h  o f  rock  
i s  an impor tan t  p r o p e r t y  t o  be determined when a t tempt ing  t o  p r e d i c t  t he  f r a c t u r e  p a t t e r n  o f  a rock. 
Here a techn ique i s  descr ibed f o r  de te rm in ing  t h e  dynamic t e n s i l e  s t r e n g t h  o f  m a t e r i a l s  and t h e  re -  
s u l t s  o f  s t u d i e s  u s i n g  t h i s  techn ique f o r  gas shales a r e  presented. 

The techn ique invo lves  impact ing  samples o f  known shock impedance and bedding o r i e n t a t i o n  w i t h  
a t h i n  d r i v e r  o f  known shock impedance, thus  genera t i ng  a w e l l - d e f i n e d  shock i n  t h e  sample. The 
impedance o f  t he  impactor p l a t e  i s  chosen so t h a t  t he  i n t e r f a c e  between t h e  impactor and t h e  sample 
separate a f t e r  passage o f  t he  r a r e f a c t i o n  wave from t h e  r e a r  f r e e  su r face  o f  t he  impactor. The ra re -  
f a c t i o n s  f rom the  impact sur face  o f  t h e  sample and t h e  f r o n t  f r e e  s u r f a c e  i n t e r a c t  i n  t h e  m idd le  
reg ion  o f  t he  samples c r e a t i n g  a t e n s i o n  wave. 
mounted i s  recovered and t h e  sha les  a r e  removed and examined f o r  s p a l l .  The exper imenta l  con f igura-  
t i o n  i s  shown and descr ibed i n  F ig .  1. 

The t a r g e t  p l a t e  i n  which t h e  sha le  samples a r e  
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The impactor p l a t e  used i s  po lymethy lmethacry la te  (PMMA), po = 1.186, i t s  th ickness  chosen t o  

cause i n t e r a c t i o n  o f  t he  r a r e f a c t i o n s  midway th rough the  sample. Since the  shock v e l o c i t i e s  i n  
sha les  a r e  w i t h i n  a few percent  o f  the  e l a s t i c  l o n g i t u d i n a l  v e l o c i t i e s  a t  these s t r e s s  l e v e l s ,  i t  was 
assumed the  s t r e s s  induced i n  t h e  gas sha le  samples i s  approx imate ly  

P = p C  u 
L P  

where p i s  t h e  d e n s i t y  o f  the  shale,  C i s  the  measured e 
p a r t i c l e  o r  i n t e r f a c e  v e l o c i t y  between the  PMMA and sha le  
o rde r  o f  100 MPa (0.1 GPa), t he  s t r e s s  induced i n  the  PMM 

L 

P = p C  B (‘D - u )  p 

a s t i c  l o n g i t u d i n a l  v e l o c i t y ,  and u i s  t h e  
Since the  s t r e s s  l e v e l s  were o n l y  o f  the  P 

impact p l a t e  i s  approx imate ly  

7) 

where p i s  t he  d e n s i t y  o f  the  PMMA, C i s  t he  b u l k  e l a s t i c  v e l o c i t y  as determined from the  Hugoniot  
( C  = 2.598 km/s), u i s  t he  p a r t i c l e  o r  i n t e r f a c e  v e l o c i t y  be fo re  impact and u i s  t he  p a r t i c l e  o r  
i nse r face  v e l o c i t y .  D A t  impact, bo th  the  s t r e s s  and the  i n t e r f a c e  v e l o c i t y  i n  t8e  gas sha le  and t h e  
PMMA a t  t he  i n t e r f a c e  has t o  be i d e n t i c a l .  I f  t h e  shock wave i n  the  sha le  sample i s  n o t  over taken by 
the  re lease  wave, and the  th i ckness  o f  t he  impact p l a t e  i s  such as t o  p revent  t h i s ,  t he  magnitude o f  
the  maximum tens ion  induced i n  the  gas sha le  should n e a r l y  equal the  maximum s t r e s s  induced i n  t h e  
gas shale. 

B 

(P C L I s  ( P  C B I p  
Tension = -u  

(’ ‘L’s (’ ‘B’p 

where the  s s u b s c r i p t  denotes gas sha le  and p denotes PMMA. Both the  dens 
ve loc  t y  o f  each sha le  sample a r e  determined be fo re  each impact exper iment 
v e l o c i t y  i s  determined d u r i n g  the  exper iment (Fig.  l ) ,  thus  the  tens ion  i n  
r e a d i l y  ca l cu la ted .  

t y  and e l a s t i c  l o n g i t u d i n a l  

uced i n  each sample can be 
and the  impact p l a t e  

The d iagnos is  o f  an impact exper iment i s  s t r a i g h t f o r w a r d .  The t a r g e t  p l a t e  i s  recovere  and 
each sha le  i s  examined f o r  s p a l l i n g .  I t  was found t h a t  sha les  hav ing  a d e n s i t y  o f  2.69 g/cm‘ would 
n o t  s p a l l  under tens ion  as h i g h  as 66 MPa (0.66 kbars )  i f  t h e  tens ion  waves propagated a long  the  
bedding, b u t  sha les  o f  a s i m i l a r  dens i t y ,  2.57 g/cm3, s p a l l e d  as low as 45 MPa (0.45 kbars )  i f  the  
tens ion  waves propagated pe rpend icu la r  t o  the  bedding. For  shales hav ing  a d e n s i t y  o f  2.40 g/cm3, 
the  t e n s i l e  s t reng ths  were l ess  than 40 MPa f o r  bo th  p ropagat ion  d i r e c t i o n s .  The s t r e s s  r a t e s  i n -  
vo lved i n  these exper iments a r e  o f  t h e  o r d e r  o f  1 GPa/us (10 kbars/ps) and reg ions  under tens ion  re -  
main so f o r  o n l y  about 2 ps i f  they  do n o t  s p a l l .  Experiments i n v o l v i n g  lower s t r e s s  r a t e s  and longer  
tens ion  d u r a t i o n s  would f i n d  the  t e n s i l e  s t r e n g t h s  o f  the  sha les  to  be smal le r .  

RESPONSE TO PLANE STRESS IMPULSES 

P r o p e r t i e s  o f  gas sha les  i n  response t o  dynamic s t r e s s  can bes t  be determined from the  a n a l y s i s  
o f  t he  degradat ion  o f  f i n i t e  s t r e s s  impulses as they  pass through the  shales. Var ious  techniques and 
analyses a r e  c u r r e n t l y  used by va r ious  l a b o r a t o r i e s ,  i n c l u d i n g  those o r i g i n a t i n g  a t  the  Stan ford  
Research I n s t i t u t e  and the  Sandia Labora to r ies ,  Albuquerque. 

The technique used here i s  t o  measure t h e  s t r e s s  h i s t o r y  o f  an impulse a t  severa l  depths i n  a 
sample. 
2, 4.5, 4.5, and 5 mm r e s p e c t i v e l y .  
p r o p e r t i e s ,  and o r i e n t a t i o n  o f  a l l  p l a t e s  a r e  matched. 
a r e  50-ohm g r i d s  o f  0.01-mm-thick Manganin f o i l  cove r ing  an area o f  40 mm 
The r e s i s t a n c e  o f  the  g r i d s  a r e  w e l l  de f ined as a f u n c t i o n  o f  s t r e s s  under impact c o n d i t i o n s .  The 
r e s i s t a n c e  i s  deduced from the  v o l t a g e  generated a t  t h e  n u l l  p o i n t  o f  a pu lsed Wheatstone b r i d g e  
caused by the  change i n  r e s i s t a n c e  o f  t he  manganin g r i d .  The sample-manganin gage s tack  i s  p laced i n  
a t a r g e t  p l a t e  and surrounded by v e l o c i t y  p ins .  The e n t i r e  assembly looks  much l i k e  t h a t  i n  F ig .  1 
except t h a t  t he  6 smal l  samples a r e  rep laced by the  s tack ,  and the  PMMA p l a t e  mounted on the  ho l lowed 
aluminum p r o j e c t i l e  i s  rep laced w i t h  copper f o r  h i g h  s t r e s s  l e v e l s  and aluminum f o r  low s t r e s s  l eve l s .  

The sample assembly c o n s i s t s  o f  a s tack  o f  f ou r  p l a t e s ,  a l l  40-mm i n  diameter,  o f  th icknesses  
The impactor p l a t e  i s  u s u a l l y  3-mm-thick. The dens i t y ,  e l a s t i c  

Between the  p l a t e 3  o f  t h e  sample assembly 
i n  t h e  c e n t r a l  reg ion .  

I n  the  upper l e f t  d iagram o f  F ig .  2 i s  a s t r e s s  h i s t o r y  t y p i c a l  o f  those recorded i n  a number o f  
exper iments on the  gas shales.  The d i f f e r e n c e s  between t h e  exper iments a r e  the  o r i e n t a t i o n  o f  the  
bedding t o  the  d i r e c t i o n  o f  p lana r  shock propagat ion ,  t h e  d e n s i t i e s ,  and the  s t r e s s  l eve l s .  The 
response t o  t h e  shock l oad ing  and un load ing  was c a l c u l a t e d  us ing  t h e  computer code GUINSY2.[1] 
a n a l y s i s  r e q u i r e s  the  s t r e s s  h i s t o r i e s ,  a c o r r e l a t i o n  o f  reg ions  on the  s t r e s s  p r o f i l e s ,  t h e  i n i t i a l  

The 
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4 DYNAMIC PROPERTIES OF DEVONIAN SHALES EGS 22 
d e n s i t y  o f  t h e  sha les  and the  i n i t i a l  gage loca t i ons .  From the  a n a l y s i s  the  s p e c i f i c  volume, the  
p a r t i c l e  v e l o c i t y ,  and i n t e r n a l  energy o f  the  sha les  a r e  c o r r e l a t e d  w i t h  the  s t r e s s  as a f u n c t i o n  o f  
t ime  a t  each l o c a t i o n .  I n  t h e  remain ing  sec t i ons  o f  t h e  f i g u r e  i s  p l o t t e d  p a r t i c l e  v e l o c i t y  as a 
f u n c t i o n  o f  t he  l oad ing  and un load ing  s t r e s s ,  s t r a i n  as a f u n c t i o n  o f  t he  l oad ing  and un load ing  
s t ress ,  and the  l oad ing  and un load ing  wave v e l o c i t y  as a f u n c t i o n  o f  p a r t i c l e  v e l o c i t y .  

HUGONIOTS OF EASTERN GAS SHALES 

Response o f  t h e  shales t o  l a r g e  ampl i tude shocks, between 10 and 100 GPa, was determined f rom 
simultaneous measurements o f  t h e  shock wave v e l o c i t i e s  th rough sha le  samples and through a s tandard  
m a t e r i a l  whose Hugoniot  i s  w e l l  known. From these measured shock v e l o c i t i e s ,  t he  mass o r  p a r t i c l e  
v e l o c i t i e s  i n  the  shales a r e  deduced. The exper imenta l  techn ique i s  desc r ibed  elsewhere [2 ]by  t h e  
impedance match method. 

The e q u i l i b r i u m  Hugoniot  equa t ion  o f  s t a t e  i s  comple te ly  d e f i n e d  by knowing o n l y  the  i n i t i a l  
d e n s i t y  (po l ,  t h e  shock v e l o c i t y  (us) ,  and t h e  p a r t i c l e  v e l o c i t y  (u ). 
( I - V / V o ) ,  and change i n  i n t e r n a l  energy (AE) a r e  d e r i v e d  from the  agove t h r e e  parameters us ing  the  
conserva t i on  r e l a t i o n s  

The pressure  ( P ) ,  compression 

P = p u u  
O S P  

v /vo  = (us-u ) / u  
P S  

AE = P ( 1 -V /Vo)  /2p0 

The us, u locus  f o r  m a t e r i a l  n o t  undergoing t r a n s i t i o n s  i n  s t r u c t u r e  o r  bonding i s  l i n e a r ,  
P 

P’ 
u = c + s u  
S 

9)  

10) 

12) 

The da ta  such as p l o t t e d  i n  F ig .  3 f o r  a t y p i c a l  sha le  can be f i t  s a t i s f a c t o r i l y  w i t h  two l i n e a r  f i t s  
w i t h  a break between them a t  approx imate ly  u = 5.75 km/s. T h i s  i n d i c a t e s  t h a t  t h e r e  i s  a d i s c r e t e  
reduc t i on  i n  the  volumes o f  t he  shales a t  t h z  p ressure  assoc ia ted  w i t h  t h G  shock v e l o c i t y ,  20 GPa. 
The volume reduc t i on  a t  t h a t  p ressure  between the  two Hugoniots i s  6% f o r  t he  2.4 g/cm3 sha les  and 7% 
fo r  t h e  h i g h e r  d e n s i t y  shales.  
60% by volume), t he  change ir; volume can probab ly  be a t t r i b u t e d  t o  the  a -quar t z  t o  s t i s h o v i t e  phase 
t rans format ion .  The t r a n s i t i o n  pressure  found here  i s  6 t o  10 GPa above the  q u a r t z - s t i s h o v i t e  t r a n -  
s i t i o n  pressure  e x t r a p o l a t e d  f rom h i g h  temperature,  s t a t i c  h i g h  pressure  data. There a r e  severa l  ex- 
p l a n a t i o n s  f o r  t h i s  d i f f e r e n c e .  The f i r s t  i s  t h a t  t h e  quar t z ,  f l o a t i n g  i n  a m a t r i x  o f  kerogen and 
o t h e r  minera ls ,  requ i res  t ime t o  reach an e q u i l i b r i u m  p ressu re  and t o  t rans form,  r e s u l t i n g  i n  a 
shock wave immediately fo l lowed by a t r a n s i t i o n  r e l a x a t i o n  wave. Below 20 GPa the  shock wave i s  n o t  
over run  by the  r e l a x a t i o n  wave f o r  sample th icknesses  used here. The o t h e r  exp lana t ion  i s  t h a t  be- 
cause o f  shock h e a t i n g  caused by pore  c o l l a p s e  and compression o f  t he  kerogen, t h e  normal e q u i l i b r i u m  
t r a n s i t i o n  pressure  f o r  q u a r t z  i s  s h i f t e d  t o  h i g h e r  pressures.  The knowledge o f  which exp lana t ion  i s  
c o r r e c t  may be impor tan t  s ince  t h e  f i r s t  exp lana t ion  would mean t h a t  t he  sha les  may be a b l e  t o  absorb 
l a r g e  amounts o f  energy a t  pressures as low as 10 t o  14 GPa. 

Since the  major component o f  t he  Devonian sha les  i s  q u a r t z  (30% t o  

I n  a d d i t i o n  t o  l a c k  o f  e q u i l i b r i u m  o f  t h e  phase t rans fo rma t ion  process, t h e  lower phase 
Hugoniots themselves a r e  a l s o  n o t  a t  e q u i l i b r i u m .  For e q u i l i b r i u m ,  t h e  Hugoniot  i n t e r c e p t  o f  t h e  
lower phase shou ld  a l s o  be t h e  b u l k  sound speed. Comparinq the  b u l k  sound speed va lues  i n  Tab le  1 
w i t h  the  i n t e r c e p t s  one f i n d s  the  i n t e r c e p t s  t o  have much h ighe r  values. 
f o r  these sha les  a t  low pressures a r e  a combinat ion o f  e q u i l i b r i u m  compre 
uents  and s t rong  e l a s t i c  components. The e l a s t i c  i n f l u e n c e  i s  ev iden t  i n  
t u d i n a l  e l a s t i c  wave v e l o c i t i e s  o f  t he  h ighe r  d e n s i t y  sha les  and t h e i r  u 

S 

The h i g h  pressure  Hugoniots such as t h e  upper l i n e a r  u u f i t  i n  F 
ever,  a l l  t he  da ta  seem t o  show sys temat ic  upward curva ture .  T g i s  probab 
one o r  more o f  t h e  minor components o f  t he  shales masked by t h e  monotonic 
mainder o f  t he  components. 

5’ 

The Hugoniots determined 
s ions  o f  t he  sha le  c o n s t i t -  
a comparison o f  t h e  l o n g i -  

u i n t e r c e p t s .  
P 

g. 3 a l l  agree w e l l .  How- 
y i n d i c a t e s  t r a n s i t i o n s  i n  
compressions o f  t h e  re -  
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TABLE I 

ELASTIC MODULI OF EASTERN GAS SHALE 

2.40 2.55 

C 1  (GPa) 54 62 

Dens i t y  (Mg/m 3 ) 

C33 (GPa) 26 33 

C k 4  (“a) 1 1  14 

c66 (GPa) 20 23 

C 1 2  (GPa) 13 16 

C 1 3  (“a) I7 I7 

Bulk Modulus (GPa) : 16 17 

Bulk  Sound Speed (km/s) : 2.60 2.61 
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5 0 m m  

EGS 22 

Fig.  1. A f r o n t  v iew o f  a t a r g e t  p l a t e  (a) and a c ross -sec t i ona l  v iew o f  an impact experiment (b).  
The view, (a ) ,  shows the  arrangement o f  t he  sha le  samples i n  t h e  t a r g e t  p l a t e ,  machined from 
A l .  
B .  
mounting the  specimens' impact sur faces  f l u s h  w i t h  the  t a r g e t  p l a t e ' s  sur face .  
a r e  h e l d  i n  the  p l a t e  w i t h  a t h i n  l a y e r  o f  epoxy. 
used t o  determine the  v e l o c i t y  o f  t he  impact p l a t e ,  G. 
p l a t e  i s  covered w i t h  a 0.01 mm t h i c k  A l  f o i l  sho r ted  t o  t h e  p r o j e c t i l e ,  E. A pu lse  i s  gen- 
e ra ted  on a r e p e t a t i v e  time-marked o s c i l l o s c o p e  sweep as each charged p i n  i s  shorted. 
muzzle o f  t h e  3 m long, h i g h  pressure  gas gun used t o  d r i v e  the  p r o j e c t i l e  i s  l abe led  A, the  
t a r g e t  p l a t e  mounting screws a r e  l abe led  1, and t h e  unsupported area beh ind  t h e  impact p l a t e  
i s  l abe led  F. 

S i x  samples, D ,  o f  d i f f e r e n t  d e n s i t i e s  and o r i e n t a t i o n s  a r e  mounted i n  t h e  t a r g e t  p l a t e ,  

The specimens 
Each sample i s  backed w i t h  low d e n s i t y  (0.015 g/cm3) p l a s t i c  foam, H, t o  f a c i l i t a t e  

S h o r t i n g  p ins ,  C ,  o f  va r ious  lengths  a r e  
The f r o n t  su r face  o f  t h e  impact 

The 
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p = 2.40 Mp/m3 

.' 8.0" 

CARTER & OLINGER 7 

p -  2.40 Mg/m3 Gag. I 2.21mm 
Gage 2 6.75mm 
Gag. 3 II.26mm 

0.6 
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v) 
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TIME (psi 

L 

p 9 2 .40  Y a / m 3  
.. 8 = 0' 

0.01 . 0.02 
STRAIN 

0.6 
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PARTICLE VELOCITY ( k m / s )  

p =  2.40 Mg/ma 

C 1 9  4.57 k m / r  / f/ . 
E 
f 4.0 

0.02 0.04 0.06 0.08 
PARTICLE VELOCITY (km/s)  

3 Fig. 2. Response o f  gas shale (p = 2.40 Mg/m , 9 = O o ,  C L  = 4.57 Km/s) to low s t r e s s  p lanar  shock 
loading and unloading. 
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Fig. 3 .  Hugoniot of gas sha le  (p = 2.40 Mg/m 3 , 8 = O", CL = 4.74 Km/s) t o  80 GPa. 

388 



NOVEL FRACTURING TREATMENTS I N  THE DEVONIAN SHALE 

by 

S t e p h e n  P .  C r e m e a n ,  C o l u m b i a  G a s  S y s t e m  S e r v i c e  C o r p o r a t i o n  

ABSTRACT 

COLUMBIA GAS, I N  TWO PROGRAMS BEING CONDUCTED I N  CONJUNCTION WITH THE 
U.S. ENERGY RESEARCH AND DEVELOPMENT ADMINISTRATION (USERDA) , I S  CURRENTLY INVESTIGATING THE 
TECHNICAL AND ECONOMIC EFFECTIVENESS OF MASSIVE HYDRAULIC FRACTURING (MHF) AND CRYOGENIC FRACTURING 
TECHNIQUES FOR ENHANCED GAS RECOVERY I N  THE UPPER DEVONIAN SHALES OF THE EASTERN UNITED STATES. 

THREE SHALE WELLS TO BE MASSIVELY FRACED UNDER ERDA CONTRACT NO. E ( 4 6 - 1 ) - 8 0 1 4  ARE LOCATED I N  A 
5,000 ACRE UNDEVELOPED TRACT I N  WESTERN LINCOLN COUNTY, WEST VIRGINIA. 
SELECTED WITH REMOTE SENSING IMAGERY FOR PROXIMITY TO SURFACE FEATURES (LINEAMENTS), THE TOTAL 
DEPTH ENCOMPASSES THE ENTIRE UPPER DEVONIAN SHALE; A SEQUENCE WHICH CONTAINS FOUR PRIMARY ZONES OF 
INTEREST. THE SCOPE OF T H I S  INVESTIGATION I S  TO INDIVIDUALLY STIMULATE THESE TWELVE ZONES OF 
INTEREST WITH VARIOUS MHF TECHNIQUES. SINCE INCEPTION, S I X  MHF STIMULATION TREATMENTS HAVE BEEN PER- 
FORMED USING FOAM AND MODIFIED WATER I N  TWO OF THE WELLS. THE THIRD WELL I S  BEING PRESERVED TO 
UTILIZE INFORMATION LEARNED FROM THE FIRST TWO. 

I N  EACH OF THE THREE WELLS, 

FOUR SHALE WELLS TO BE CRYOGENICALLY FRACED UNDER ERDA CONTRACT NO. EF-76-C-05-5303 ARE LOCATED I N  
MARTIN COUNTY , KENTUCKY ( 2  WELLS), WISE COUNTY, VIRGINIA (1 WELL) , AND TRUMBULL COUNTY, OHIO (1 
WELL). I N  THE FIRST THREE WELLS, SELECTED WITH REMOTE SENSING IMAGERY, THE TOTAL DEPTH ENCOMPASSES 
THE ENTIRE UPPER DEVONIAN SHALE; A SEQUENCE WHICH CONTAINS FOUR PRIMARY ZONES OF INTEREST I N  THE 
AREAS STUDIED. TWO ZONES OF INTEREST WILL BE INDIVIDUALLY FRACTURED USING CRYOGENIC FLUIDS I N  EACH 
OF THESE WELLS. THE FOURTH WELL WAS CHOSEN TO TEST THE TECHNICAL AND ECONOMICAL FEASIBILITY OF 
STIMULATING THE SHALE I N  A WELL CURRENTLY PRODUCING FROM A DEEPER HORIZON. THERE ARE FOUR ZONES 
OF INTEREST I N  THE DEVONIAN SHALE I N  T H I S  WELL, OF WHICH TWO WILL BE INDIVIDUALLY STIMULATED. 
OF THE SHALE WELLS I N  THIS PROGRAM HAVE YET BEEN STIMULATED. 

NONE 

ONCE COMPLETE, THESE TESTS CAN BE USED TO ASSESS THE PROMISE OF LARGE STIMULATION TREATMENTS AND/OR 
THE USE OF CRYOGENIC FLUIDS I N  STIMULATING THESE SHALES AND DESIGNING FUTURE TREATMENTS. 
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2 NOVEL FRACTURING TREATMENTS I N  THE DEVONIAN SHALE EGS-23 

INTRODUCTION 

The i n c r e a s i n g  demand f o r  a l l  energy forms and p a r t i c u l a r l y  n a t u r a l  gas ,  and i t s  dec reas ing  supply 
has a t t r a c t e d  a t t e n t i o n  from indus t ry  and t h e  Government t o  exp lo re  new and l a r g e  h i s t o r i c  and non- 
h i s t o r i c  sou rces  of n a t u r a l  gas.  

The t h i c k ,  hydrocarbon-bearing Upper Devonian Shales  ( h e r e a f t e r  r e f e r r e d  t o  as simply Devonian 
Sha le s ) ,  which u n d e r l i e  much of t h e  E a s t e r n  S t a t e s ,  have become a s p e c i f i c  t a r g e t  of t h i s  explora-  
t i o n  (F igure  1 ) .  The gas r e s e r v e s  locked i n  t h e s e  s h a l e s ,  es t imated  t o  exceed by s e v e r a l  t i m e s  t h e  
c u r r e n t  proven gas r e s e r v e s  of t h e  n a t i o n ,  have made them a primary i n t e r e s t .  Unfor tuna te ly ,  t h e s e  
s h a l e s ,  formed from muds depos i ted  approximately 350 m i l l i o n  yea r s  ago, are f ine-gra ined  w i t h  very  
low pe rmeab i l i t y ;  making i t  d i f f i c u l t  t o  economically produce l a r g e  q u a n t i t i e s  of gas from them t o  
m e e t  t h e  n a t u r a l  gas  demands. 

The o b j e c t i v e s  of two j o i n t l y  sponsored Columbia Gas-USERDA cos t -shar ing  programs, i n i t i a t e d  i n  
June, 1975 and i n  J u l y ,  1976,  r e s p e c t i v e l y ,  are t o  assess t h e  t e c h n i c a l  and economic e f f e c t i v e n e s s  
of o b t a i n i n g  t h e s e  l a r g e  accumulations of gas  wi th  a s t i m u l a t i o n  technique  known a s  massive hydrau l i c  
f r a c t u r i n g  (MHF)', and w i t h  a s t i m u l a t i o n  technique  known as cryogenic f r a c t u r i n g .  2 

This  paper s p e c i f i c a l l y  p r e s e n t s  t h e  s h a l e  p o r t i o n  of t h e s e  programs and t h e  r e s e a r c h  and f i e l d  
ope ra t ions  t h a t  have t r a n s p i r e d  s i n c e  t h e i r  i n i t i a t i o n . '  
programs, they  are p resen ted  s e p a r a t e l y  below. 

Because of b a s i c  d i f f e r e n c e s  i n  t h e  two 

3-WELL MHF PROGRAM 

Background of Program 

The purpose of t h i s  j o i n t  Columbia Gas-USERDA program i s  t o  determine i f  t h e  Devonian Sha le s  of t h e  
e a s t e r n  United S t a t e s  can be  economically developed w i t h  massive hydrau l i c  f r a c t u r i n g  (MHF) treat- 
ments. S ince  t h e  concept of MHF is  based on e x i s t i n g  knowledge employing e x i s t i n g  f i e l d  equipment, 
it r e p r e s e n t s  a n  expedient  t e c h n i c a l  s o l u t i o n  t o  r e l e a s i n g  t h e s e  l a r g e  gas r e s e r v e s .  

The scope of t h i s  program i s  t o  d r i l l ,  c o r e  and l o g  ( f o r  c h a r a c t e r i z a t i o n )  and s t i m u l a t e ,  wi th  MHF 
t echniques ,  t h e  Devonian Shales  i n  t h r e e  w e l l s .  

The f i r s t  w e l l  f o r  t h e  program w i l l  be  used as a MHF tes t -bed  r e q u i r i n g  a maximum of fou r  ( 4 )  MHF 
t r ea tmen t s  designed f o r  e f f e c t i v e  t rea tment  of each zone. 
on t h e  p h y s i c a l  l i m i t a t i o n s  of i n j e c t i n g  t h e  f l u i d  and t h e  knowledge gained from t h e  co r ing  and 
logging  program on t h e  r e s e r v o i r  rocks .  

The s e l e c t i o n  of t h e s e  zones w i l l  be based 

The i n t e n t  of t h e  second w e l l  i n  t h i s  program i s  t o  create longe r  f r a c t u r e  ex tens ions  from a smaller 
s h a l e  th i ckness  zone. 
( n a t u r a l  f r a c t u r e s )  i n  t h e  Devonian Sha le s  as found w i t h  c o r e  and l o g  d a t a .  
maximum of fou r  of t h e s e  zones are t o  be h y d r a u l i c a l l y  s t imu la t ed .  

The t h i r d  w e l l  i n  t h e  program w i l l  i nco rpora t e  t h e  r e s u l t s  from t h e  f i r s t  two w e l l s ,  which w i l l  
p rovide  des ign  op t imiza t ions  f o r  t h e  s t i m u l a t i o n  and t a r g e t  zone s e l e c t i o n s .  For t h i s  w e l l ,  a 
maximum of four  t r ea tmen t s  have a l s o  been a l l o c a t e d .  

These smaller zones w i l l  be  s e l e c t e d  i n  r eg ions  of secondary p o r o s i t y  
I n  t h i s  second w e l l ,  a 

Th i s  program, t h e r e f o r e ,  c a l l s  f o r  twelve- MHF s t i m u l a t i o n  t r ea tmen t s  t o  be performed i n  t h e  Devonian 
Shales  i n  t h r e e  w e l l s  s e l e c t i v e l y  chosen. 

Criteria Used f o r  S e l e c t i n g  t h e  Wells 

Since  t h i s  program e n t a i l s  t h e  i n v e s t i g a t i o n  of a new technique  i n  t h e  Devonian Sha le s ,  Columbia Gas 
be l ieved  t h a t  t h e  MHF program w e l l  s i tes  would have t o  be  c l o s e  t o  an  area of proven Devonian Shale  
product ion .  
c a p a b i l i t i e s  of i n c r e a s i n g  gas product ion .  Also ,  t h i s  area s e l e c t e d  would have t o  be nea r  e x i s t i n g  
gas ga the r ing  l i n e s  t o  a l l  .# ex tens ive  product ion  t e s t i n g  t o  make t h i s  comparison. 

This ,  i t  w a s  f e l t ,  w a s  t h e  b e s t  way t o  a l low a comparison of t h e  new MHF techn ique ' s  

The area chosen, 

'Mmsive hydrau l i c  f r a c t u r i n g  i s  ,I( r ined  as a hydrau l i c  f r a c t u r i n g  method u t i l i z i n g  a t  least  200,000 

2Cryo e n i c  f r a c t u r i n g  i s  def ined  as a hydrau l i c  f r a c t u r i n g  method u t i l i z i n g  p r imar i ly  f l u i d s  which 

g a l l o n s  of f l u i d  and 200,000 pouncl- -f sand. 

are 5nt roduced  i n t o  t h e  w e l l  as l i q u i d s  and flow back as gases ,  r e s u l t i n g  i n  r ap id  clean-up t imes .  
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based on t h e s e  c r i t e r i a ,  w a s  t h e  "Big Sandy" f i e l d  of southwestern Vi rg in i a ,  western West Vi rg in i a  
and e a s t e r n  Kentucky (noted on Figure 1). 

A f t e r  t h e  s e l e c t i o n  of t h i s  general  area, t h e  c r i t e r i a  used t o  more s p e c i f i c a l l y  l o c a t e  t h e  w e l l  s i tes  
were: 

1. 

2. 

3. 

Se l ec t ion  of a r e l a t i v e l y  l a r g e  u n d r i l l e d  area s o  t h a t  maximum pres su res  
would be encountered. 
Shale  area and thus  could be used as a model f o r  o t h e r  u n d r i l l e d  s h a l e  
areas of t h e  Appalachian Basin.  

The area should have production i n d i c a t i v e  of a f r a c t u r e d  r e s e r v o i r .  
T r a d i t i o n a l l y ,  b e t t e r  producing Devonian Shale  w e l l s  are t h  ught t o  be 
a s soc ia t ed  with t h e  occurrence of n a t u r a l  f r a c t u r e  systems.y1,2] The 
l a r g e  induced f r a c t u r e  achieved by an MHF should communicate with a 
maximum number of t h e s e  gas-containing n a t u r a l  f r a c t u r e s ,  and a l s o  
o f f e r  an increased e f f i c i e n c y  of producing matrix-bound gas through 
t h e  induced f r a c t u r e .  

Th i s  area would be i n d i c a t i v e  of a v i r g i n  Devonian 

The area would have t o  be s u i t e d  f o r  t h e  complicated l o g i s t i c s  involved 
with MHF treatments .  
pumping equipment and s t o r a g e  tanks,  ample space f o r  t h e i r  placement w a s  
needed. 

Since t h e s e  t r ea tmen t s  r e q u i r e  a l a r g e  number of 

With cons ide rab le  a n a l y s i s  of t h e  a v a i l a b l e  f i e l d  d a t a ,  t h r e e  t rac t s  were s e l e c t e d  i n  t h e  "Big Sandy" 
f i e l d  based on t h e  above c r i t e r i a .  
prepared covering a 36 square-mile range around each of t h e s e  areas. 

A t  t h e  same t i m e  each of t h e  t h r e e  t r a c t s  were being analyzed f o r  r e s e r v o i r  p re s su re ,  production and 
geologic d a t a ,  Columbia w a s  reviewing remote-sensing imagery i n  t h e s e  areas. 
(p r imar i ly  LANDSAT, wi th  some U-2 and SKYLAB) w a s  used t o  d i s t i n g u i s h  s u r f a c e  f r a c t u r e s  ( l ineaments) .  
The assumption i n  t h i s  a n a l y s i s  i s  t h a t  t h e s e  s u r f a c e  expressions are man i fe s t a t ions  of underground 
f r a c t u r e  p a t t e r n s .  
l ineaments t o  i n t e r s e c t  t h e  n a t u r a l  f r a c t u r e  systems downhole. 

Af t e r  analyzing t h i s  imagery d a t a  and f i e l d  checking t h e  t h r e e  p o t e n t i a l  areas, an undeveloped t ract  
i n  western Lincoln Countdy, approximately 40 m i l e s  southwest of Charleston,  West Vi rg in i a  w a s  s e l e c t e d  
f o r  t h e  l o c a t i o n  of t h e  t h r e e  test w e l l s  (Figure 2 ) .  
USERDA a t  t h e  Morgantown Energy Research Center (MERC) i n  Morgantown, West Vi rg in i a  f o r  review. 
The t h r e e  s i tes  s e l e c t e d  were approved and d r i l l i n g  ope ra t ions  commenced i n  e a r l y  1976. 

Detai led production h i s t o r i e s  and s p e c i a l  geologic  maps were 

t 

This  imagery 

With t h i s  imagery, t h e  w e l l s  could 5e loca ted  i n  proximity t o  these  s u r f a c e  

This  s e l e c t e d  area w a s  t hen  submitted t o  t h e  

Prel iminary F ie ld  Operations 

D r i l l i n g  of t h e  f i r s t  p r o j e c t  w e l l  (Well No. 20403) began i n  e a r l y  January,  1976. By t h e  end of 
March, 1976, a l l  t h r e e  p r o j e c t  w e l l s  were d r i l l e d  and cased. The t o t a l  depth of each w e l l ,  which 
encompassed t h e  e n t i r e  Devonian Sha le s ,  were 3,920 f e e t  (Well No. 20401), 4,066 f e e t  (Well No. 20402) 
and 4,067 f e e t  (Well No. 20403). The w e l l s  are loca ted  approximately one m i l e  from each o t h e r .  

I n  o r d e r  t o  f u l l y  c h a r a c t e r i z e  t h e  Devonian Shales  f o r  r e source  d e l i n e a t i o n  and t reatment  design,  
Columbia f e l t  it very important t o  core ,  i n  a t  least  one w e l l ,  t h e  e n t i r e  Devonian Shale  column. 
Also, i t  w a s  f e l t ,  t h i s  co re  should be supplemented wi th  a complete s u i t e  of l o g s  i n  a l l  t h r e e  
p r o j e c t  w e l l s .  I n  t h i s  w e l l  
a t o t a l  of 1,335 f e e t  (from 2,720 f e e t  - 4,055 f e e t )  of s h a l e  w a s  cored. The second p r o j e c t  w e l l  
d r i l l e d  (Well N o .  20401) w a s  not  cored due t o  t h e  excess ive  s h a l e  th i ckness  encountered i n  W e l l  N o .  
20403; which w a s  almost twice as t h i c k  as o r i g i n a l l y  budgeted f o r .  
d r i l l e d  (Well No. 20402) w a s  s e l e c t i v e l y  cored f o r  a t o t a l  of 610 f e e t  i n  t h e  s h a l e s  where addi- 
t i o n a l  d e t a i l e d  information w a s  bel ieved important (higher  gas  content  zones).  These high gas 
content  zones were based upon off-gassing tests from t h e  c o r e  taken i n  Well No. 20403. 

Well No. 20403 was cored throughout t h e  e n t i r e  Devonian Shale  column. 

L a s t l y , ' t h e  t h i r d  p r o j e c t  w e l l  

A l l  of t h e  co res  e x t r a c t e d  from both w e l l s  were o r i en ted  every two f e e t  f o r  c o r r e l a t i o n  t o  n a t u r a l  
s u r f a c e  f r a c t u r e  o r i e n t a t i o n  obtained from remote sensing i n t e r p r e t a t i o n .  Coring t i m e ,  w i th  
o r i e n t a t i o n ,  averaged about 100 f e e t  every 24 hours.  S t i f f  foam w a s  used as t h e  co r ing  medium 
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4 NOVEL FRACTURING “RFATMENTS I N  THE DEVONIAN SHALE 

because of t h e  apparent  w a t e r  s e n s i t i v i t y  of t h e  Devonian Shales .  [ 3 1  
minimal problems were encountered. 

A f t e r  t h e  r e s p e c t i v e  w e l l s  were d r i l l e d  and cored ,  l o g s  were run  f o r  f u r t h e r  Devonian Sha le  
eva lua t ion .  
wet-hole l o g s .  

With t h e  u s e  of t h i s  f l u i d ,  

The b a s i c  logging  program f o r  t h e  t h r e e  w e l l s  w a s  designed around both  dry-hole and 
Table  I i l l u s t r a t e s  t h e  type  of l o g s  run i n  t h e  t h r e e  w e l l s .  

MHF Treatments 

EGS-23 

Since  t h i s  j o i n t  Columbia Gas-USERDA program began, six o p e r a t i o n a l l y  s u c c e s s f u l  MHF s t i m u l a t i o n  
t r ea tmen t s  have been performed i n  t h e  Devonian Sha le s  i n  two of t h e  p r o j e c t  w e l l s .  Rather t han  
l a b o r i o u s l y  s ta te  t h e  types  and volumes of f l u i d  and sand used i n  t h e s e  t r ea tmen t s ,  Tables  I1 (Well 
NO. 20403) and 111 (Well No. 20401) are presented  t o  i l l u s t r a t e  t h e s e  v a l u e s  a long  w i t h  o t h e r  
in format ion  found. 

The procedures  f o r  performing each of t h e s e  t r ea tmen t s  inc luded:  e v a l u a t i n g  t h e  l o g  and c o r e  in fo r -  
mation a v a i l a b l e  f o r  zone s e l e c t i o n ;  p e r f o r a t i n g  t h e  zones as s e l e c t e d ;  breaking  down t h e  zones 
w i t h  HC1 a c i d  f o r  wel lbore  damage removal; o b t a i n i n g  pre- t rea tment  open flows; p re - f r ac  r e s e r v o i r  
t e s t i n g  t h e  zones ( t o  o b t a i n  i n i t i a l  va lues  o f  f low c a p a c i t y ,  r e s e r v o i r  p re s su re  and assess wel lbore  
damage); t rea tment  des ign ,  execut ion  and clean-up; o b t a i n i n g  a f t e r  t r ea tmen t  open f lows;  and l a s t l y ,  
pos t - f r ac  r e s e r v o i r  t e s t i n g  of each zone ( t o  o b t a i n  f i n a l  flow c a p a c i t y ,  r e s e r v o i r  p r e s s u r e  and 
wel lbore  damage v a l u e s  t o  compare t o  p re - f r ac  t es t  v a l u e s ) .  

I n  Table 11, t h e  volumes of f l u i d  and t h e  t rea tment  a p p l i c a t i o n  parameters found i n  t h r e e  MHF foam 
type  t r ea tmen t s  performed i n  t h r e e  s e p a r a t e  zones i n  Well No. 20403 a r e  i l l u s t r a t e d .  The t h r e e  
zones t r e a t e d  were s e l e c t e d  based on log  and c o r e  d a t a  d e p i c t i n g  gas  containment zones. 
depths  s e l e c t e d  and p e r f o r a t e d  are a l s o  given i n  Table  11. 

The s p e c i f i c  

The u s e  of foam as a f r a c t u r i n g  f l u i d  i n  We’l No. 20403 came about a f t e r  reviewing v a r i o u s  f r a c  
proposa ls  prepared  by t h e  Se rv ice  Compa Lies from both a t e c h n i c a l  and economic viewpoint.  
of t h e  p o t e n t i a l  clean-up problems i n  t h i s  low p r e s s u r e  r e s e r v o i r ,  i t  w a s  decided t o  t r y  foam- 
f r a c i n g  because of i t s  b e n e f i c i a l  ”energy-ass i s t”  mechanism. Also ,  i t  w a s  decided t o  u s e  foam i n  
t h e  s t i m u l a t i o n  of a l l  fou r  zones i n  Well No. 20403, because,  by u t i l i z i n g  e s s e n t i a l l y  t h e  same 
f r a c  f l u i d  and t h e  same des ign  on a l l  fou r  zones,  d i r e c t  comparisons of product ion  r e s u l t s  w i t h  our  
in -p lace  f ree-gas  measurements from t h e  c o r e s  could be accomplished. 

I n  view 

I n  Table  111, t h e  volumes of  f l u i d  and t h e  t rea tment  a p p l i c a t i o n  parameters  found i n  two t y p e s  of  
MHF t r ea tmen t s  performed i n  t h r e e  s e p a r a t e  zones i n  Well No. 20401 are i l l u s t r a t e d .  S ince  t h e  
b a s i c  program scheduled one w e l l  f o r  t r ea tmen t s  t o  extend induced f r a c t u r e s  from a smaller t rea tment  
zone (100 f e e t )  t o  i n t e r s e c t  n a t u r a l  f r a c t u r e s ,  t h e  t h r e e  zones i n  t h i s  w e l l  were s e l e c t e d  wi th  t h i s  
c r i t e r i o n  from l o g  informat ion .  
h igher  permeable zones; i . e . ,  zones of n a t u r a l  f r a c t u r e  concen t r a t ions ,  which produce secondary 
p o r o s i t y  zones. 
111. 

R e s i s t i v i t y  c ros s -p lo t s  were used t o  de te rmine  t h e  probable  

The s p e c i f i c  depths  of t h e  zones s e l e c t e d  and p e r f o r a t e d  are a l s o  g iven  i n  Table 

The f i r s t  MHF t rea tment  of t h e  lowermost s h a l e  zone (Lower Brown Shale)  i n  Well No. 20401 u t i l i z e d  
a f r a c  f l u i d  c o n s i s t i n g  of g e l l e d  (guar gum) water. 
ment i n  t h e  s h a l e s  was based upon: (1) t h e  need f o r  a comparison of i t s  e f f e c t i v e n e s s  as measured 
a g a i n s t  t h e  r e s u l t s  of t h e  foam-type t r ea tmen t s  and, ( 2 )  i t s  p resen t  p o p u l a r i t y  wi th  producers  
u s i n g  i t  i n  o t h e r  r e s e r v o i r s  throughout t h e  i n d u s t r y ,  because of  i t s  a t t r a c t i v e  economics and p a s t  
e f f e c t i v e n e s s .  
t rea tment  ( 5  months t o  recover  only  38% of t h e  f l u i d  used ) ,  t h e  t r ea tmen t  type  used on t h e  second 
zone i n  t h i s  w e l l  (Middle Brown Shale)  w a s  modified.  Th i s  second t r ea tmen t  included a foam spearhead 
component followed by a g e l l e d  water component, w i th  n i t r o g e n  pumped throughout t h e  t rea tment  f o r  
a n  a d d i t i o n a l  “energy-ass i s t”  mechanism f o r  f a s t e r  recovery.  
component t o  foam component w a s  about 7 t o  1. The t h i r d  t rea tment  involved two c y c l e s  of  foam 
followed by g e l l e d  water, again w i t h  n i t r o g e n  pumped throughout.  The g e l l e d  water t o  foam volume 
r a t i o  i n  t h i s  t rea tment  w a s  about 8 t o  1. 

The choice  of u s ing  a g e l l e d  water type  treat-  

However, due t o  an excess ive  clean-up t i m e  experienced a f t e r  t h i s  f i r s t  gelled-water 

The volume r a t i o  of t h e  g e l l e d  water 

The sand schedule  f o r  t h e  s i x  t r ea tmen t s  performed t h u s  f a r  u t i l i z e d  t h e  i n j e c t i o n  of 80l100 mesh 
sand, t o  sea l -of f  m i c r o f r a c t u r e s  be l i eved  p resen t  i n  t h e  Devonian Sha le s  and t h u s  minimizing 
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f l u i d  l eakof f , " ]  followed by t h e  i n j e c t i o n  of 20140 mesh sand f o r  maximum propped f r a c  he igh t .  
The volumes of satid and t h e  peak concen t r a t ions ,  i n  pounds p e r  g a l l o n  (ppg),  emplaced i n  each 
t rea tment  are given i n  Tab les  I1 and 111. 

A l s o  inc luded  i n  Tables  I1 and 111 are t h e  clean-up times requ i r ed  f o r  t h e  f r a c  f l u i d  recovery of  
each  t rea tment  and t h e  percentages  recovered a f t e r  t h e s e  t r ea tmen t s .  
n e s s  of a f r a c t u r i n g  t rea tment  t h a t  can be monitored f o r  comparison i s  t h e  clean-up t i m e ;  t h a t  i s ,  
t h e  amount of t i m e  a f t e r  turnaround necessary  f o r  gas  product ion .  I n  t h e  c a s e  of  t h e  t r ea tmen t s  
performed i n  t h e  program, t h i s  t i m e  w a s  cut-off when t h e  gas w a s  f lowing f r e e  of f l u i d  and also, 
t h e  gas  w a s  f lowing  a t  a s u f f i c i e n t  r a t e ,  without drowning o u t ,  t o  a l low a cons t an t  t e rmina l  ra te  
p res su re  a n a l y s i s  (on t h e  o rde r  of 20 Mcfd because of f low gauge l i m i t a t i o n s ) .  

The most immediate e f f e c t i v e -  

5 

Product ion Resu l t s  

For p re l imina ry  comparisons, measurements of gas volume open flows be fo re  and a f t e r  t h e  MHF treat-  
ments were obta ined .  It should be noted h e r e  t h a t  Columbia does n o t  recommend us ing  t h e s e  " i n i t i a l "  
pre- and pos t - f r ac  open flows as i n d i c a t o r s  of t h e  MHF's e f f e c t i v e n e s s  i n  inc reas ing  gas  product ion .  
However, t h e s e  i n i t i a l  open flows do s e r v e  as p re l imina ry  i n d i c a t o r s  of t h e  presence  of gas  i n  t h e  
shales o r ,  as w e  have r e c e n t l y  found, as i n d i c a t o r s  of p o s s i b l e  f r a c t u r e  communication i n  t h e  
s h a l e s .  The re fo re ,  t h e s e  pre- and pos t - f rac  open flows are p resen ted  f o r  i l l u s t r a t i o n  i n  F igure  3 .  

I n  Well No. 20403, t h e r e  w a s  no measurable open flow be fo re  t h e  MHF foam t rea tment  on i t s  f i r s t  
zone, which inc ludes  a l l  of t h e  Lower Brown Shale  and a p o r t i o n  of t h e  Lower Gray Shale ( r e f e r  t o  
F igure  3 f o r  p e r s p e c t i v e  of l o c a t i o n  i n  s h a l e  column). 
carbon flow rate r o s a  t o  110 Mcfd, a f t e r  t h e  product ion  of t h e  n i t r o g e n  used i n  t h e  treatment 
ceased. 
t h e  Devonian Shales ,  which i n  t h i s  p o r t i o n  of t h e  Basin have never been a primary t a r g e t  f o r  stimu- 
l a t i o n .  

A f t e r  t h e  foam t r ea tmen t ,  t h e  t o t a l  hydro- 

Therefore ,  t h i s  open flow i n d i c a t e d  t o  us  t h a t  gas  i s  p resen t  i n  t h e s e  lower s e c t i o n s  of 

Upon p e r f o r a t i n g  and breaking  down 
of 95 Mcfd w a s  measured. 
f low (110 Mcfd), a p r e s s u r e  i n t e r f e r e n c e  t e s t  w a s  conducted t o  i n v e s t i g a t e  f o r  communication 
( f r a c t u r e  mig ra t ion )  between t h e  two zones. The i n t e r f e r e n c e  tes t  proved t h a t  communication 
e x i s t e d  between t h e  two zones,  and i t  w a s  ev ident  t h a t  t h e  MHF foam t rea tment  conducted on t h e  f i r s t  
zone propagated some 199 f e e t  v e r t i c a l l y ,  i n t o  t h e  u n t r e a t e d  second zone. Therefore ,  du r ing  t h e  
MHF foam t r ea tmen t  on t h e  second zone t h a t  followed, a d i v e r t i n g  agent  (benzoic ac id )  w a s  used i n  
t h e  t r e a t i n g  f l u i d  t o  bridge-off t h e  downward growth of t h e  f r a c t u r e  i n t o  t h e  lower zone a l r eady  
t r e a t e d .  The i n i t i a l  open flow recorded from t h i s  second zone a f t e r  i t s  t rea tment  and subsequent 
clean-up w a s  200 Mcfd, which i n d i c a t e d  a d d i t i o n a l  gas  product ion  due t o  t h e  second t rea tment  bu t  
did not  p inpo in t  t h e  zone of product ion .  

Subsequently,  

t h e  second zone i n  t h i s  w e l l  (Middle Brown Sha le ) ,  an open flow 
Because t h i s  open flow w a s  s u s p i c i o u s l y  c l o s e  t o  t h e  f i r s t  zone's open 

t h e  t h i r d  zone i n  t h i s  w e l l  ( i nc lud ing  a p o r t i o n  of t h e  Middle Gray 
Shale  and a l l  of t h e  Upper Brown Shale)  w a s  p e r f o r a t e d  and broken down and an i n i t i a l  open flow 
of 103  Mcfd w a s  gauged, which i s  s u b s t a n t i a l l y  low enough t h a t  communication w a s  no t  suspected. 
However, based on t h e  exper ience  of t h e  lower zones,  a p r e s s u r e  i n t e r f e r e n c e  test w a s  conducted. 
The r e s u l t s  showed t h a t  communication wasn ' t  p r e s e n t ,  i n d i c a t i n g  t h i s  open flow of  gas  t o  be 
"v i rg in"  from t h i s  s e c t i o n  of t h e  s h a l e .  
t h e  t h i r d  zone, a d i v e r t i n g  agent w a s  used t o  prevent  f r a c t u r e  mig ra t ion  downward i n  t h e  zones 
p rev ious ly  t r e a t e d .  
subsequent clean-up w a s  107 Mcfd, i n d i c a t i n g  no product ion  i n c r e a s e  r e s u l t i n g  from t h e  t h i r d  t reat-  
ment. 

Neve r the l e s s ,  as a safeguard ,  du r ing  t h e  foam t rea tment  Of 

The i n i t i a l  open flow recorded from t h i s  t h i r d  zone a f t e r  i t s  t rea tment  and 

I n  t h e  o t h e r  p r o j e c t  w e l l  (No. 20401), t h e r e  w a s  no measurable open flow p r i o r  t o  t h e  MHF g e l l e d  
water t r ea tmen t  performed on t h i s  w e l l ' s  f i r s t  zone (Lower Brown Shale ;  r e f e r  t o  F igure  3 ) .  
t h i s  t rea tment  and an extended clean-up t ime of 5 months, t h e  open flow w a s  gauged a t  110 Mcfd. 
Upon p e r f o r a t i o n  and breakdown of t h e  second zone (Middle Brown Sha le ) ,  t h e r e  w a s  a l s o  no appre- 
c i a b l e  flow; l e a d i n g  u s  t o  b e l i e v e  t h e r e  w a s  no f r a c t u r e  induced communication between t h e  two 
zones. Subsequently,  a p re s su re  i n t e r f e r e n c e  test  conducted r e i n f o r c e d  t h i s  b e l i e f .  A f t e r  t h e  
t rea tment  and subsequent clean-up of t h i s  zone, a n  i n i t i a l  open f low of 111 Mcfd w a s  measured. 

Af t e r  
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Upon p e r f o r a t i o n  and breakdown of t h e  t h i r d  zone (Middle Gray and Upper Brown Shale) ,  t h e r e  w a s  no 
measurable flow. 
(48 p s i ) ,  w e  assumed no communication and t r e a t e d  t h e  t h i r d  zone. 
w r i t t e n ,  t h i s  t h i r d  zone w a s  s t i l l  c leaning up and approximately 32% of t h e  water used has  been 
recovered. 

Because of t h e  l a c k  of gas  flow and a l s o  low rock p r e s s u r e  measured i n  t h e  zone 
A s  of t h e  t ime t h i s  paper w a s  

The open flow a f t e r  e i g h t  days of clean-up w a s  gauged a t  30 Mcfd. 

Reservoir Tes t ing  Resu l t s  

I n  an  at tempt  t o  d e f i n e  t h e  improvement of t h e  MHF t r ea tmen t s  on each zone, pre- and post-frac 
r e s e r v o i r  tests were conducted t o  e s t a b l i s h  flow capac i ty  (kh) , permeabi l i ty  (k) , s k i n  e f f e c t  (S) 
and e f f e c t i v e  f r a c t u r e  l e n g t h  (2xf) f o r  comparison. These tes ts  cons i s t ed  of approximately one 
week of draw-down (flowing t h e  w e l l  a t  a constant  r a t e )  and two weeks of buildup ( s h u t t i n g  t h e  w e l l  
in) 

The d a t a  obtained from Well No. 20403 w a s  compiled and submitted t o  H.  K .  van Pool len and Associates  
of L i t t l e t o n ,  Colorado (sub-contracted r e s e r v o i r  engineer ing consu l t an t  i n  t h e  program) f o r  t h e i r  
a n a l y s i s .  Table  I V  p r e s e n t s  t h e i r  test a n a l y s i s  r e s u l t s  f o r  t h e  f i r s t  two zones i n  Well No. 20403. 
Several  t ypes  of ana lyses  were used t o  c a l c u l a t e  t h e s e  r e s u l t s ,  which included t h e  i n t e r p r e t a t i o n  
of l i n e a r ,  s p h e r i c a l  and pseudo-radial  flow regimes during t h e  tests. 
Well No. 20401 i s  being analyzed i n  a similar manner by t h e  Depletion Department of Columbia 
Transmission Corporation. 

The d a t a  obtained from 

As i l l u s t r a t e d  i n  Table  IVY pre- and post-frac d a t a  f o r  t h e  f i r s t  zone i n  Well No. 20403 were no t  
adequate because of a f a i l u r e  i n  t h e  p re s su re  recording device,  and a complete a n a l y s i s  could no t  
be performed. However, a n a l y s i s  of t h e  flow test  suggests  t h e  p o s s i b i l i t y  of a permeabi l i ty  ( k ) ,  
i n  t h e  range of 0.05 t o  0.10 md a f t e r  t h e  t reatment  of t h i s  zone. 

A s  mentioned earlier,  i n t e r f e r e n c e  t e s t i n g  ind ica t ed  t h a t  t h e  f r a c t u r e  generated by t h e  f i r s t  foam 
treatment  migrated v e r t i c a l l y  i n t o  t h e  second pe r fo ra t ed  i n t e r v a l  (3,409 f e e t  t o  3,651 f e e t ) ,  
r e s u l t i n g  i n  communication between t h e  sets of p e r f o r a t i o n s .  Therefore ,  t h e  c o n t r i b u t i n g  i n t e r v a l  
during t h e  pre- and post-frac t e s t i n g  o f  t h e  second zone w a s  not e x a c t l y  known. In  o rde r  t o  d i s -  
t i n g u i s h  t h i s  u n c e r t a i n t y ,  van Pool len and Associates  examined two l i m i t i n g  cases .  Case I ( a s  
i l l u s t r a t e d )  assumes gas  production during t h e  t e s t i n g  w a s  coming only from t h e  second pe r fo ra t ed  
zone (h  = 205 f e e t ) .  
zones and t h e  i n t e r v a l  i n  between (3,409 f e e t  - 4,031 f e e t ,  h = 622 f e e t ) .  

The r e s u l t s  from t h e  t e s t i n g  of t h e  second zone show, from both cases, t h a t  t h e  e f f e c t i v e  perme- 
a b i l i t y ,  ( k ) ,  of t h e  p o r t i o n  of t h e  s h a l e  r e s e r v o i r  i n v e s t i g a t e d  i s  i n  t h e  range of 0.03 t o  0.44 
md. 
v a l u e s  of -4.3 (Case I) and - 4 . 1  (Case 11) i n d i c a t e  improvement of near  wel lbore condi t ions.  These 
improvement i n d i c a t o r s  are probably due t o  t h e  v e r t i c a l  ex ten t  of t h e  f r a c t u r e  from t h e  f i r s t  zone 
moving up i n t o  t h i s  second zone and removing i t s  wel lbore damage. 
wel lbore cond i t ions  w e r e  only s l i g h t l y  improved t o  -4.9 (Case I) and -4.75 (Case 11). 

Another important purpose of t hese  t es t  ana lyses  i s  t o  determine t h e  e f f e c t i v e  f r a c t u r e  l e n g t h  
(2xf) c r ea t ed  by t h e s e  MHF t reatments .  Once aga in ,  looking s p e c i f i c a l l y  a t  t h e  Horner p l o t  
a n a l y s i s ,  t h e  pre-frac t es t  d a t a  i n  Table I V  i n d i c a t e  t h a t  t h e  e f f e c t i v e  f r a c t u r e  l e n g t h  (2xf) i s  
72-86 f e e t .  Once again,  t h i s  f r a c  l e n g t h  probably r e p r e s e n t s  t h e  lateral  ex ten t  of t h e  f i r s t  
f r a c t u r e  i n  Zone 1. 
l eng th  grew t o  136-156 f e e t ,  a s  i l l u s t r a t e d  by t h e  pos t - f r ac  test da ta .  Accordingly, t h i s  r e s u l t e d  
i n  almost twice t h e  e f f e c t i v e  s u r f a c e  area a v a i l a b l e  f o r  gas  flow from t h e  r e s e r v o i r .  
second zone, t h e  observed inc rease  i n  open flow, from 95 Mcfd be fo re  t h e  treatment t o  200 Mcfd 
a f t e r  t h e  t reatment ,  r e f l e c t s  t h i s  i nc rease  i n  e f f e c t i v e  s u r f a c e  a rea .  However, t h e s e  e f f e c t i v e  
f r a c  l e n g t h  va lues  obtained,  according t o  t h e  test r e s u l t s ,  are s i g n i f i c a n t l y  lower than t h e  pre- 
d i c t e d  760 f e e t  from t h e  Carter equat ion used by t h e  Se rv ice  Companies t o  determine t h e  areal 
ex ten t  of a fracture .151 

I n  Case 11, they assume t h a t  t h e  gas  production i s  coming from both pe r fo ra t ed  

Also, from t h e  Horner p l o t  of t h e  pre-frac p r e s s u r e  test d a t a ,  t h e  nega t ive  skin e f f e c t ( s )  

A f t e r  t h e  second t reatment ,  t h e s e  

Subsequently, a f t e r  t h e  MHF t reatment  of t h e  second zone, t h i s  e f f e c t i v e  f r a c  

In  t h e  

The tes t  r e s u l t s  f o r  t h e  t h i r d  zone s t imu la t ed  i n  Well No. 20403 and t h e  t h r e e  zones t r e a t e d  i n  
Well No. 20401 were not a v a i l a b l e  f o r  p re sen ta t ion  i n  t h i s  paper. 
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13-WELL MHF PROGRAM - SHALE WELLS 

Background of Pro gram 

7 

The purpose of t h i s  j o i n t  Columbia-USERDA program i s  t o  determine whether massive hydrau l i c  f r a c -  
t u r i n g ,  d e n d r i t i c  f r a c t u r i n g ,  o r  cryogenic f r a c t u r i n g  techniques can be used t o  economically 
recover t h e  g a s  reserves i n  t i g h t  sandstones and s h a l e s  of t h e  e a s t e r n  United S t a t e s .  T h i s  paper 
p re sen t s  only t h e  p o r t i o n  of t h a t  program d i r e c t l y  p e r t a i n i n g  t o  t h e  s t i m u l a t i o n  of t h e  Devonian 
Shales  by cryogenic f r a c t u r i n g  techniques.  
on e x i s t i n g  knowledge employing e x i s t i n g  f i e l d  equipment, i t  r e p r e s e n t s  another  expedient s o l u t i o n  
t o  r e l e a s i n g  t h e  l a r g e  gas  r e s e r v e s  i n  t h e  Devonian Shale.  

The scope of t h e  program ( p e r t a i n i n g  t o  s h a l e  tests only)  i s  t o  d r i l l ,  core ,  and l o g  ( f o r  charac- 
t e r i z a t i o n )  and s t i m u l a t e ,  w i t h  cryogenic  techniques,  t h e  Devonian Shales  i n  four  w e l l s ,  one of 
which is t o  be a d u a l  completion i n  a w e l l  c u r r e n t l y  producing from a deeper horizon. 
w e l l s  w i l l  be spread throughout t h e  Appalachian Basin so  t h a t  t h e  r e s u l t s  can be used as being 
r e p r e s e n t a t i v e  of d i f f e r e n t  p o r t i o n s  of t h e  Basin. Four gas-bearing zones were expected i n  each 
of t h e  shale w e l l s  i n  t h i s  program. Two t r ea tmen t s  (covering two of t h e  zones of i n t e r e s t  i n  each 
we l l )  are proposed f o r  each one of t h e s e  w e l l s .  The s e l e c t i o n  of t h e s e  zones w i l l  be  based on t h e  
physical  l i m i t a t i o n s  of t h e  a b i l i t y  t o  pump t h e  f l u i d  and t h e  knowledge gained from t h e  co r ing  and 
logging program on t h e  r e s e r v o i r  rocks.  

The s h a l e  p o r t i o n  of t h i s  program, t h e r e f o r e ,  c a l l s  f o r  e i g h t  cryogenic s t i m u l a t i o n  techniques t o  
be performed i n  t h e  Devonian Shales  i n  f o u r  w e l l s  s e l e c t i v e l y  chosen throughout t h e  Appalachian 
Basin. 

Since t h e  concept of cryogenic f r a c t u r i n g  is  based 

These 

Criteria Used f o r  S e l e c t i n g  t h e  Wells 

Unlike t h e  three-well  MHF program, two of t h e s e  w e l l s  w e r e  l oca t ed  o u t s i d e  of t h e  "Big Sandy" f i e l d  
SO that cryogenic f r a c t u r i n g  could be t e s t e d  i n  extreme l o c a t i o n s  of t h e  Appalachian Basin i n  addi- 
t i o n  t o  h i s t o r i c  producing areas. Where p o s s i b l e ,  t h e  w e l l s  were a l s o  t o  be loca ted  nea r  e x i s t i n g  
gas  ga the r ing  l i n e s  f o r  ex tens ive  product ion t e s t i n g .  The cr i ter ia  used t o  l o c a t e  t h e s e  w e l l s  
more s p e c i f i c a l l y  were: 

1. S e l e c t i o n  of a r e l a t i v e l y  l a r g e  u n d r i l l e d  area f o r  each w e l l  so t h a t  
maximum pres su res  would b e  encountered, assumed t o  be i n d i c a t i v e  of 
product ion from o t h e r  u n d r i l l e d  areas i n  t h e  same p o r t i o n  of t h e  
Basin. 

2. The area f o r  each w e l l  would have t o  be s u i t e d  f o r  t h e  complicated 
l o g i s t i c s  involved wi th  cryogenic t reatments .  These t r ea tmen t s  r e q u i r e  
a t  least as much space f o r  equipment as an MHF. 

Where p o s s i b l e ,  t h e  area should have production i n d i c a t i v e  of a f r a c t u r e d  
r e s e r v o i r ,  f o r  t h e  same reasons as c i t e d  f o r  t h e  MHF w e l l  l o c a t i o n .  

3. 

With cons ide rab le  a n a l y s i s  of t h e  a v a i l a b l e  f i e l d  d a t a ,  fou r  t racts  were s e l e c t e d  i n  t h r e e  gene ra l  
areas f o r  more d e t a i l e d  study. 
prepared covering a 36 square-mile range around each of t h e s e  areas. 

A t  t h e  same time each o f  t h e  t h r e e  areas were being analyzed f o r  r e s e r v o i r  p re s su re ,  product ion,  
and geologic  d a t a ,  Columbia w a s  reviewing remote-sensing imagery i n  two of t h e s e  areas, similar 
t o  t h a t  used t o  l o c a t e  t h e  MHF w e l l  sites i n  t h e  3-well program. 
LANDSAT, wi th  some U-2 and SKYLAB), t h r e e  w e l l  sites i n  t h e s e  two areas were s e l e c t e d  i n  proximity 
t o  t h e s e  s u r f a c e  l ineaments  t o  intersect t h e  n a t u r a l  f r a c t u r e  systems downhole. I n  t h e  northern-  
most area s t u d i e d ,  remote imagery w a s  inadequate f o r  i n t e r p r e t a t i o n  because of g l a c i a l  d e p o s i t s  
ove r ly ing  t h e  t e r r a i n  o b s t r u c t i n g  imagery man i fe s t a t ions .  

Two of  t h e  w e l l s  (No's. 20336 and 20337) l o c a t e d  by remote sensing are approximately s i x  m i l e s  
a p a r t  i n  Martin County, Kentucky, a product ive s h a l e  area i n  t h e  "Big Sandy" f i e l d .  One w e l l  
(No. 20338-T), a l s o  l o c a t e d  by remote sensing,  i s  i n  Wise County, V i rg in i a ,  nea r  t h e  southern 
extreme of t h e  Appalachian Basin. The l a s t  w e l l  (No. 11236 - dua l  completion) i s  a producing 
Clinton w e l l  i n  Trumbull County, Ohio, which i s  i n  t h e  no r the rn  p o r t i o n  of t h e  Basin. 

De ta i l ed  product ion h i s t o r i e s  and s p e c i a l  geologic  maps were 

With t h i s  imagery (p r imar i ly  

These w e l l  
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l o c a t i o n s  are depicted i n  Figure 2. 
Morgantown Energy Research Center (MERC) i n  Morgantown, West Vi rg in i a  f o r  review. These w e l l  s i tes  
(and e x i s t i n g  w e l l )  s e l e c t e d  w e r e  approved and d r i l l i n g  ope ra t ions  commenced i n  l a t e  1976. 

A The s e l e c t e d  w e l l  sites w e r e  submitted t o  t h e  USERDA a t  t h e  

Prel iminary F ie ld  Operations 

D r i l l i n g  of t h e  f i r s t  p r o j e c t  s h a l e  w e l l  (Well No. 20336, Martin County, Kentucky) began i n  
October, 1976. By t h e  end of May, 1977, a l l  of t h e  three new shale w e l l s  w e r e  d r i l l e d  and cased. 
The t o t a l  depth of each of t h e s e  w e l l s ,  which encompassed t h e  e n t i r e  Devonian Shales ,  were 3457 
f e e t  (Well No. 20336), 3602 f e e t  (Well No. 20337), and 5740 f e e t  (Well No. 20338-T). The t o t a l  
depth of t h e  C l in ton  w e l l  i n  Trumbull County (Well No. 11236) t o  be d u a l l y  completed i n  t h e  Shale  
w a s  4743 f e e t ,  w i t h  t h e  base of t h e  Devonian Shale  a t  2701 f e e t .  

Well NO. 20336 w a s  cored throughout t h e  e n t i r e  Devonian Shale  column. I n  t h i s  w e l l ,  a t o t a l  of 988 
f e e t  (from 2432 f e e t  t o  3420 f e e t )  of s h a l e  w a s  cored. 
(Well No. 20337) w a s  no t  cored. W e l l  No. 20338-T w a s  s e l e c t i v e l y  cored f o r  a t o t a l  of 386 f e e t  in 
t h e  shales where a d d i t i o n a l  d e t a i l e d  information w a s  bel ieved important (higher  gas  content  zone).  
The zones t o  be cored w e r e  t h e  high r a d i o a c t i v e  zones determined from l o g s  run i n  nearby w e l l s .  
A l l  of  t h e  co res  e x t r a c t e d  from both w e l l s  were o r i e n t e d  every two feet ,  as i n  t h e  3-well MHF 
program. 

After  t h e  r e s p e c t i v e  w e l l s  were d r i l l e d  and cored,  l o g s  were run f o r  f u r t h e r  Devonian Shale  evalua- 
t i o n .  The l o g s  run on t h e s e  s h a l e  w e l l s  are summarized i n  Table  V.  The l o g s  were run i n  d r y  
holes  i n  Wells No. 20336, 20337, and 20338 t o  minimize f l u i d  damage t o  t h e  sha le ,  and i n  a f l u i d  
f i l l e d  h o l e  i n  W e l l  No. 11236. The l o g s  i n  t h e  s h a l e  i n t e r v a l  i n  Well No. 11236 w e r e  run i n  1973 
when t h i s  w e l l  was completed i n  t h e  Clinton.  
determine t h e  p o t e n t i a l  gas-bearing zones i n  t h e  s h a l e  which i s  p r e s e n t l y  behind cas ing .  

The second p r o j e c t  s h a l e  w e l l  d r i l l e d  

A temperature l o g  w a s  r e run  i n  t h i s  w e l l  i n  1977 t o  

Cryogenic Treatments 

None of t h e  s h a l e  w e l l s  i n  t h i s  program have y e t  been s t imu la t ed  as of t h e  w r i t i n g  of t h i s  paper.  
However, t h e  proposed s t i m u l a t i o n  t reatment  parameters f o r  t h e  f o u r  w e l l s  are summarized i n  
Table V I .  The f i g u r e s  shown are based on prel iminary proposals  from t h e  Se rv ice  Companies, and are 
sub jec t  t o  change. The same gene ra l  procedures discussed i n  t h e  3-well MHF program f o r  performing 
each of t h e s e  t r ea tmen t s  w i l l  be used i n  s t i m u l a t i n g  t h e  s h a l e  w e l l s  i n  t h i s  program. 

The proposed t reatment  i n t e r v a l s  are i l l u s t r a t e d  i n  Figure 8. These i n t e r v a l s  were g e n e r a l l y  
s e l e c t e d  based on l o g  and co re  d a t a  d e p i c t i n g  gas  containment zones. 
t h e  proposed e i g h t  t r ea tmen t s  i n  t h e s e  fou r  w e l l s  encompasses a l l  of t h e  "Brown Shale" zones. 

A s  observed i n  t h e  f i g u r e ,  

Production and Reservoir T e s t i n g  

Although no t e s t i n g  has  ye t  been done on any of t hese  w e l l s ,  t h e  same gene ra l  eva lua t ion  procedures 
w i l l  be used as i n  t h e  3-well MHF program. Measurements of g a s  volume open flows be fo re  and a f t e r  
t he  cryogenic t r ea tmen t s  w i l l  be  used as p re l imina ry  i n d i c a t o r s  of t h e  t reatment  e f f e c t i v e n e s s  and 
p o s s i b l e  f r a c t u r e  communication. Pre-  and post-frac p re s su re  t r a n s i e n t  tests w i l l  be conducted by 
Columbia t o  e s t a b l i s h  flow c a p a c i t y  (kh), permeabi l i ty  ( k ) ,  s k i n  e f f e c t  (S) , e f f e c t i v e  f r a c t u r e  
l eng th  (2x f ) ,  and p o s s i b l e  tu rbu lence  e f f e c t s .  

An isochronal  t es t  w i l l  be  conducted on each of t h e s e  w e l l s ,  which i s  expected t o  t a k e  one t o  two 
weeks, a f t e r  t h e  w e l l  h a s  been shut  i n  long enough f o r  p re s su re  s t a b i l i z a t i o n .  Each test  w i l l  
cons i s t  of t h r e e  draw down-buildup c y c l e s ,  w i th  measurement of flow rates and both bottom-hole and 
well-head p res su res .  

Test d a t a  w i l l  be  analyzed by Intercomp Resource Development and Engineering, Inc .  of Houston, 
Texas ( r e s e r v o i r  engineer ing consu l t an t s  subcontracted by Columbia f o r  t h i s  p r o j e c t ) .  
w i l l  use  both convent ional  p l o t t i n g  techniques and numerical  s imula t ion [6 ]  t o  i n t e r p r e t  t h e  d a t a .  

Intercomp 
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ASSOCIATED RESEARCH INVESTIGATIONS 

I n  a s s o c i a t i o n  wi th  Columbia G a s ,  o t h e r  o rgan iza t ions  have been inco rpora t ed  i n t o  t h e s e  programs. 
F igure  4 p r e s e n t s  t h e s e  o t h e r  o r g a n i z a t i o n s  and t h e i r  f u n c t i o n s  i n  t h e  programs. 
scope o f  t h i s  paper t o  d i s c u s s  t h e i r  s p e c i f i c  f u n c t i o n s  i n  any d e t a i l .  However, i n  gene ra l ,  t h e  
m a j o r i t y  of t h e s e  o r g a n i z a t i o n s  are involved i n  Devonian Shale  c o r e  s t u d i e s .  These c o r e  s t u d i e s  
inc lude  examining t h e  c o r e s  f o r  mineralogy, o rgan ic  carbon c o n t e n t ,  trace element composition, 
ma tu ra t ion ,  p h y s i c a l  p r o p e r t i e s  ( inc lud ing  rock  mechanics),  s t i m u l a t i o n  des ign ,  e t c .  The f i n a l  
outcome of  t h e s e  i n v e s t i g a t i o n s  w i l l  be an  assessment of t h e  c h a r a c t e r i z a t i o n  and r e source  de l inea -  
t i o n  of t h e  Devonian Shales .  

It i s  beyond t h e  

I n  con junc t ion  w i t h  t h e s e  o r g a n i z a t i o n s ,  Columbia i s  a l s o  performing c o r e  s t u d i e s  on t h e  Devonian 
Shales.  
(of f -gass ing  exper iments ) .  
20336 r e s p e c t i v e l y .  
g a s  evolv ing ,  w i t h  t h e  h ighe r  v a l u e s  i n  t h e  r i c h  o rgan ic  s e c t i o n s  (b l ack  s h a l e s  from l i t h o l o g y  
d e s c r i p t i o n ) .  
estimates and o r i g i n a l  gas  i n  p l a c e  estimates. 

F igu res  7 and 8 i l l u s t r a t e  ano the r  a spec t  o f  t h e  Devonian Sha le s  Columbia has been involved wi th .  
F igure  7 summarizes t h e  geologic  f i n d i n g s  of t h e  t h r e e  Devonian Shale  MHF w e l l s ,  as prepared by 
Columbia's g e o l o g i s t s ,  wh i l e  F igure  8 summarizes t h e  geo log ic  f i n d i n g s  of t h e  fou r  Shale  w e l l s  i n  
t h e  13-well p r o j e c t .  The c r o s s  s e c t i o n s  of each w e l l  w e r e  p r i m a r i l y  based on l o g  informat ion ,  w i th  
some c o r e  informat ion  ( a s  i n d i c a t e d )  used t o  d e f i n e  t h e  zones of v e r t i c a l  f r a c t u r e s .  

Our endeavors i n  t h e s e  s t u d i e s  have cen te red  around f ree-gas  measurements of t h e  s h a l e  
These d a t a  are p resen ted  i n  F igu res  5 and 6 f o r  Wells No. 20403 and 

From t h e s e  graphs,  it can b e  seen t h a t  almost a l l  of  t h e  s h a l e  has  some f r e e  

These r e s u l t s  a r e  ve ry  important from t h e  s t andpo in t  of p o t e n t i a l  f r e e  gas  r e s e r v e  

From t h e  p re l imina ry  log  a n a l y s i s ,  F igu re  7 shows t h a t  six s e p a r a t e  zones (Upper-Middle-Lower Gray 
Shales  and Upper-Middle-Lower Brown Shales )  e x i s t  i n  t h e  Devonian Shales  i n  t h e  area of Lincoln 
County, West V i r g i n i a .  Also,  i t  i l l u s t r a t e s  t h a t  a l though t h e s e  s e p a r a t e  zones remain of  t h e  same 
t h i c k n e s s  i n  t h e  o f f s e t  w e l l s  (approximately one m i l e  a p a r t )  t h e  gas d i s t r i b u t i o n  (from s i b i l a t i o n  
l o g s )  and t h e  v e r t i c a l  f r a c t u r e  d i s t r i b u t i o n  (observed from c o r e s  e x t r a c t e d )  va ry  from one o f f s e t  
w e l l  t o  t h e  o t h e r .  This  c l e a r l y  demonstrated t o  Columbia t h e  need and importance of a complete 
a n a l y s i s  of each  Devonian Shale  w e l l  i n  t h e  program t o  enab le  s e l e c t i v e  s t i m u l a t i o n  t r ea tmen t s .  

The nomenclature used i n  F igure  7 i s  s l i g h t l y  d i f f e r e n t  than  t h a t  used i n  F igure  8. Log a n a l y s i s  of 
t h e  f o u r  s h a l e  w e l l s  i n  F igu re  8 i n d i c a t e d  f o u r  o r  f i v e  h igh  r a d i a t i o n  zones i n  t h e s e  w e l l s ,  which 
w e r e  g e n e r a l l y  found t o  con ta in  da rke r  s h a l e s  from c o r e  a n a l y s i s .  Subsequent r e a n a l y s i s  of t h e  
l o g s  i n  Wells 20401, 20402, and 20403 i n d i c a t e  another  h igh  r a d i o a c t i v e  zone i n  t h e  Middle Gray 
%ha le  n o t  p rev ious ly  thought t o  be s i g n i f i c a n t .  
l a te  w i t h  t h e  Upper Brown Shale  zone i n  F igure  7 ;  zone 2 w i th  t h e  p rev ious ly  undefined r a d i o a c t i v e  
zone i n  t h e  Middle Gray Shale  zone i n  F igure  7 ;  zone 3 wi th  t h e  Middle Brown Shale  zone i n  F igure  7; 
and zone 4 (and zone 5) w i t h  t h e  Lower Brown Shale  zone i n  F igure  7 .  I n  Well No. 11236 (no r the rn  
p a r t  of Bas in ) ,  zones 4 and 5 are thought t o  r ep resen t  t h e  Harrell and Marce l lus  Sha le s ,  respec- 
t i v e l y .  I n  t h e  o t h e r  w e l l s  i n v e s t i g a t e d ,  t h e s e  s h a l e s  are no t  s epa ra t ed .  Also observed i n  Well 
No. 11236 i s  t h e  l a c k  of a d i s t i n c t  i n t e r v a l  corresponding t o  zone 1 (Upper Brown Shale)  i n  t h e  
o t h e r  w e l l s .  A s  F igu res  7 and 8 i n d i c a t e ,  l o g  and c o r e  d a t a  from many more w e l l s  are needed t o  
d e f i n e  t h e  Devonian Sha le s  throughout t h e  Appalachian Basin.  

I n  gene ra l ,  zone 1 i n  F igure  8 w a s  found t o  co r re -  

SUMMARY 

Since  t h e  i n i t i a t i o n  of t h e s e  Columbia-USERDA programs, t h r e e  Devonian Sha le  w e l l s  have been s e l e c t e d  
f o r  massive hydrau l i c  f r a c t u r i n g ,  and fou r  Devonian Sha le  w e l l s  have been s e l e c t e d  f o r  cryogenic 
f r a c t u r i n g .  
t h e  w e l l s  have been d r i l l e d ,  cored ( s e l e c t i v e l y )  and logged. 

From t h e  c o r e s  e x t r a c t e d ,  o f f -gass ing  experiments were performed which i n d i c a t e  f r e e  gas  is  p resen t  
throughout t h e  e n t i r e  Devonian Shale  column i n  t h e  geographica l  areas cored .  Continued r e s e a r c h  on 
t h e  c o r e s  by Columbia and o t h e r  o rgan iza t ions  is  being conducted f o r  c h a r a c t e r i z a t i o n  and r e source  
d e l i n e a t i o n  of t h e  Devonian Shales .  

With t h e  s u i t e  of l o g s  run i n  t h e  t h r e e  MHF w e l l s ,  c ros s - sec t ions  of t h e  Devonian Shales  i n  t h i s  
geographica l  area have been prepared. 
s e c t i o n s  (zones) i n  t h e  Devonian Shale  i n  t h i s  area. 
s u i t e  o f  l o g s  run on t h e  fou r  w e l l s  t o  be  c ryogen ica l ly  f r aced  i n d i c a t e s  t h a t  up t o  e i g h t  d i f f e r e n t  
zones are p o s s i b l e  i n  some p a r t s  of t h e  Appalachian Basin.  

These w e l l s  were s e l e c t e d  us ing  v a r i o u s  areal  topography and product ion  c r i t e r i a ,  and 

These c ros s - sec t ions  d e p i c t  s i x  l i t h o l o g i c a l l y  d i f f e r e n t  
Subsequent r e a n a l y s i s  of t h e s e  l o g s  and t h e  
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Based on a v a i l a b l e  core  and l o g  d a t a ,  s i x  zones i n  two w e l l s  have been s e l e c t e d  and s t imu la t ed  wi th  
MHF techniques.  Three zones i n  one w e l l  were s t imu la t ed  wi th  t h e  same f l u i d ,  namely, foam. The 
t h r e e  zones i n  t h e  o t h e r  w e l l  were s t imu la t ed  us ing  g e l l e d  water i n  one zone and a foam-gelled water 
type i n  t h e  o t h e r  two zones. S i x  more zones remain t o  be s e l e c t e d  and massively f r aced ,  fou r  of 
which w i l l  be optimized t r ea tmen t s  i n  t h e  t h i r d  w e l l .  

None of t h e  four  w e l l s  t o  be c ryogen ica l ly  f r aced  have y e t  been t r e a t e d .  
w e l l s  w i l l  be c ryogen ica l ly  f r aced .  

Production r e s u l t i n g  from t h e  zones t h a t  have been massively f r aced  t o  d a t e  i n d i c a t e  t h a t  gas  is  
d e f i n i t e l y  p re sen t  i n  zones of t h e  Shale  t h a t  have not been h i s t o r i c a l l y  produced before .  
more, r e s e r v o i r  t e s t i n g  of two zones i n  one w e l l  i n d i c a t e s  t h i s  production has  r e s u l t e d  from v e r t i c a l  
f r a c t u r e s  extending l a t e r a l l y  from 136 t o  156 f e e t .  
of f i v e  t i m e s  smaller than  p red ic t ed  wi th  t h e  use  of t h e s e  massive volumes of f l u i d .  

Eight zones i n  t h e s e  four  

Further-  

This  e f f e c t i v e  f r a c t u r e  l e n g t h  i s  on t h e  order  

NOMENCLATURE 

BPM = b a r r e l s  pe r  minute 

ISIP = i n s t an taneous  shut- in  p re s su re  
h = he igh t  

k = permeabi l i ty  
kh = flow capac i ty  

md = m i l l i d a r c y  
N2 = n i t rogen  

Mcfd = thousands of cubic  feet  per  day (gas flow) 

ppg = pound per ga l lon  

Scf = standard cubic  f e e t  
S = s k i n  f a c t o r  

Sg = gas  s a t u r a t i o n ,  i n  percent  
xf = f r a c t u r e  l e n g t h  on one wing 

2xf = e f f e c t i v e  f r a c t u r e  l e n g t h  
$ = poros i ty ,  i n  percent 
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E G S - 2 3  

1 
~ 

ZONE ZONE 1 

FORMAT I ON Lower Brown 
Lower Gray Shale 

PERFED INTERVAL (FT. ) 3858-4031 

TREATMENT DATE 6/21/76 

TREATMENT TYPE/ QU AL I TY Foam/77% 

STEPHEN P. CREMEAN 

TABLE I 

LOGGING PROGRAM FOR 3 TEST WELLS 
I N  COLUMBIA SAS/lJSERDA 

DEVONIAN SHALE-MHF PROGRAM 

ZONE 2 

Midd le  Brown 
Shale 

3409-3651 

11 11 5/76 

Foam181 % 

11 

TREATMENT S I Z E  (GALLONS) 
Foam 
Water 

Dry-Hole Logs Consisted o f :  

250,000 319,750 
58,480 59,750 

Formation Dens i ty  Com- 
pensated Log (FDC) 

Sidewal l  -Neutron-Poro- 
s i t y  Log (SNP) 

Dual I nduc t i on  Log 

Temperature Log - 
Absolute 

299,000 
19,000/1 ppg 
280,000/1.5 ppg 

Temperature Log - 
D i f f e r e n t i a l  

439 , 000 
29,400/1 ppg 
41 0,000/2 PP9 

S i b i l a t i o n  Log 

NITROGEN VOL. (Scf)  

AVG. ZATES (BPM) 

Wet-Hole Logs Consisted o f :  

CORIBAND Ser ies  - Composed o f  G a n a  Ray Log, 
Format i o n  Compensated Dens i ty  Log (FDC) , Com- 
pensated Neutron Log (CNL), Compensated Sonic 
Log, Dual-Induction-Laterolog, and Micro- 
1 a t e r o l  og 

, 

I 3-D V e l o c i t y  Log 

Seisviewer 

Thermal Decay Time Log (TDT) 
, 

TABLE I 1  

2,458,200 2,500,000 

37.5 40 

VOLUME AND TREATMENT PARAMETERS 
OF MHF FOAM FRACS 

PERFORMED ON WELL NO. 20403 

AVG. TREATING PRESS. (PSIG) 

MAX. TREATING PRESS. (PSIG) 

ISIP 

I S I P / M I N U T E S  

CLEAN-UP T IME (DAYS) 

1930 1550 

2250 171 0 

1950 850 

107015 min. 77015 min. 

29 17 

SAND VOLUME (LBS. ) 
80/100 Mesh/Peak Conc. 
20140 MeshIPeak Conc. 

% RECOVERED I 44-water I 14-water I 52- N2 

399 

I ZONE 3 

Upper Brown - 
Midd le  Gray Shale 

5/23/77 

Foam/ 82% 

345,944 
62,270 

340,000 
60,000/3 ppg 
280,000/1.5 ppg 

3,229,088 

9.6 

2954 - 3230 

I 11 90 

1150/5 min. 



12 NOVEL FRACTURING TREATMENTS IN THE DEVONIAN SHALE EGS-23 

TABLE I11 

VOLUME AND TREATMENT PARAMETERS 
OF MHF FRACS 

PERFORMED ON WELL NO. 20401 

ZONE ZONE 1 ZONE 2 ZONE 3 

FORMAT I ON 

PERFED INTERVAL (FT.) 

Middle Brown 
Shale 

3272-341 0 

Middle Gray 
Shale 

2988-3092 

Lower Brown 
Shal e 

3788-3860 

8/3/76 TREATMENT DATE 511 7/77 a/ i  5/77 
~~ 

TREATMENT TYPEIQUALITY 
~ 

MOD -MH F MOD-MHF MH F 

TREATMENT S I Z E  (GALLONS) 
Foam 
Water 

8011 00 MeshIPeak Conc. 
20140 MeshIPeak Conc. 

SAND VOLUME (LBS.) 

NITROGEN VOL. (Scf) 

~ 

104,160 

91 ,476 

321,762 

12,684 

59,17816 ppg 
262,58418 ppg 

741,000 

100,590 
11 ,424 

352,380 

268,12818 ppg 

790,000 

a9 ,I 66 

84,25218 PPg 

517,014 

517,014 

930,000 
190,000/3 ppg 
740,000/3 ppg 

1 20,000 

-- 

AVG. RATES (BPM) 25.4 30 30 
~~~ 

800 

1500 

AVG. TREATING PRESS. (PSIG) 

MAX. TREATING PRESS. ( P S I G )  

1758 

5000 

800 

950 

I S I P  

I S  I P / M I  NUTES 

1200 

25011 5 

250 

01 5 

700 

50012 

CLEAN-UP TIME (DAYS) 

% RECOVERED 

116 

38 

20 

54 

a* 
32* 

* Pre l im ina ry  Data 
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EGS-23 

37 0.180 -2.60 8 
29 0.140 -- -- 
-- 0.179 -- 22 

22 0.109 -4.30 43 
20 0.120 -- -- 
-- 0.109 -- 38 

91 0.445 -2.80 5 

-- 0.445 -- 166 
-- 0.130 -- 306 

66 0.320 -- 142 
26 0.128 -4.90 78 
18  0.090 -- 
-- 0.128 -- 84 

-- 

STEPHEN P.  CREMEAN 

TABLE IV 

RESERVOIR TESTING RESULTS 
WELL NO. 20403 

37 0.059 -2.50 7 
68 0.110 -- -- 
-- 0.088 -- 3 

21 0.034 -4.10 36 
58 0.094 -- -- 
-- 0.034 -- 34 

91 0.146 -2.70 8 

-- 0.146 -- 144 
-- 0.042 -- 290 

66 0.106 -- 124 
26 0.042 -4.75 68 
37 0.060 -- -- 
-- 0.042 -- 72 

13 

Zone 
1 

Zone 
2 

TEST DESCRIPTION 
~ ~~~ __  

Pre-Frac Flow Test  
Pre-Frac Buildup Test 
Post-Frac Flow Test 
Post-Frac Buildup Test  

Pre-Frac Flow Test  
l /q Equivalent P lo t  
Spherical  P lo t  
Linear P lo t  

Pre-Frac Buildup Test  
Horner P lo t  
Spherical  P l o t  
Linear P lo t  

Post-Frac Flow Test 
l / q  Equivalent P lo t  

Linear P lo t  
Post-Frac Buildup Test  

Log-Log Curve Match 
Horner P lo t  
Spherical  P lo t  
Linear P lo t  

CASE I*  CASE 11* 

f 
kh  kh  
md. k 
f t .  md. Skin f t  f t .  md. Skin f t  

X 'f I md. k 

No Analysis No Analysis 
No Analysis No Analysis 

No Analysis No Analysis 

I 

*Assumed 4 = 2.438%; Sg = 77.3%; h = 205 f e e t  
**Assumed 4 = 1.804%; Sg = 45.8%; h = 622 f e e t  

TABLE V 

LOGGING PROGRAM FOR 4 SHALE TEST WELLS 
IN COLUMBIA GASIUSERDA 

13-WELL PROGRAM 

Well No. 20336 
( Dry-Hol e )  

Gamma Ray 
Temperature 
Induct ion 
Compensated 

Format ion 
Density 

Sidewall 
Neutron 
Porosi ty  

Well No. 20337 
(Dry-Hol e )  

Gamma Ray 
Temperature 
Induction 
Density 

Borehol e 
Compensated 

Epi thermal 
Neutron 
Poros i ty  

We1 1 bore 
S i b i l a t i o n  

Comp-P ro 
(Production 
Index) 

(Dry-Hol e )  (Wet-Hole) 

Gamma Ray 
Temperature 
Induct ion 
Density 

Borehol e 
Compensated 

Epi thermal 
Neutron 
Poros i ty  

We1 1 bore 
S i b i l a t i o n  

Gamma Ray 
Temperature 
Dual Induction 

La t e r o l  og 
Compensated 

Formation 
Dens i t y  

Sidewall 
Neutron 
Poros i ty  
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14 NOVEL FRACTURING TREATMENTS I N  THE DEVONIAN SHALE EGS-23 

TABLE V I  

PROPOSED VOLUME AND TREATMENT 
PARAMETERS OF CRYOGENIC FRACS 

Per fed I n t e r v a l  

Treatment S ize (Gal lons) 

co2 
Water 

Sand Volume (Lbs.)  

801100 Mesh/Peak Conc. 
20140 MeshlPeak Conc. 

C02 Vol . (Mscf) 

Avg. Rate (BPM) 

co2 
lrlater 

20336 

42, 0001 

12,600 
29,400 

90,000 

30,000 
160,000 

94 5 

25 

7.5 
17.5 

2033 7 

3526- 3100- 

42,0001 

12,600 
29,400 

90,000 

30 , 000 
60,000 

94 5 

25 

7.5 
17.5 

20338 

5450- 4890- I 5480 4910 

1 00 , 0001 

35,000 
65 , 000 

270,000 

45,00014 
225,00014 

2,625 

30 

10.5 
19.5 

11 236 

2410- 1915- 

1 o0,ood 

35,000 
65,000 

270,000 

45,000/4 
225,00014 

2,625 

30 

10.5 
19.5 

'Proposed Treatment Parameters per Zone (2 Zones p e r  Well ) 
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DEVONIAN SHALE BASIN 
O F  EASTERN UNITED STATES 

i t 

\ 

U?WR DEVONIAN 
SHALE FORMATION 

THICKNESS OF 
FORMATION IN FEET 100 0 - 1 \  

FIGURE 1 

0 1 so - 
M I L E S  
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OPEN FLOWS 
WELLS N0.20403 & 20401 (MHF) 

Leo 
OC?TW - 

FLOWS 
BEFORE 

(Mcfd 
TREATNLNT l lm 

x w o  - 
1e.e L 

103 w o o -  

wee - 
3100 - 

1400 - 

anw - 
95 

1000. 

1700.  

1000 - 
a r n  1 

SHOW 
4 e w  

WELL 
20403 

LI GRAY SHALE 

WELL 
20401 

LO 0 

OPEN OPEN 
FLOWS FLOWS 
AFTER BEFORE . s o o t  

TREATMENT TREATMENT 

X I 0 0  x7001 
.Ioo t I07 

SHOW aooo t 
W O O  ""I 

BROWN SHALE 

200 

I10 

aaoo . 
SHOW 

3 4 0 0 .  

a*oo t 
a000 . 

1700 

Joool SHOW 

OPEN 
FLOWS 
AFTER 

TREATMENT 
(Mcfd) 

1 1 1  

wA TREATED INTERVALS 

COMMUNICATING 
INTERVALS 

I10 

FIGURE 3 
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STEPHEN P .  CREMEAN EGS-23 

PTOO. 

2 0 0 0 .  

2900. 

3 0 0 0 .  

FREE- GAS MEASUREMENT 
FROM CORES ON WELL NO. 20403 

I 
I 

c 

5 3400 

I 
b- 

W 
0 

3.00 

a 

3700 F 
3100 F 
4000 3900k 

GAS PER CUBIC FT. 
OF SHALE 

FREE- GAS MEASUREMENT 
FROM CORES ON WELL NO. 20336 

2 4 0 0 '  

1 5 0 0  

2 6 0 0  

2100 

2 0 0 0  

+ 
W W 
LL 

5 2900 

a 
n 

I 
l- 

W 

3 0 0 <  

3200 'loor 
t 3 3 0 0  

3400 1 
3.500 

0.0 0.5 1.0 1.5 2.0 

GAS PER CUBIC FT. 
OF SHALE 

19 

FIGURE 5 
FIGURE 6 
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MB. - BASE OF BEREA SANDSTONE 

UGs - TOP OF UPPER GRAY SHALE 

UB. - TOP OF UPPER BROWN SHALE 

A N 0  SILTSTONE 

1 M G ~  - TOP OF MIDDLE GRAY SHALE 

NOVEL FRACTURING TREATMENTS IN THE DEVONIAN SHALE EGS-23 

SUMMARY OF 
GEOLOGICAL FINDINGS 

1 LEGEND 
LB, - TOP OF LOWER BROWN SHALE 

D o n  - TOP OF CORNIFEROUS 
(ONONDAGA1 LIMESTONE 

c - G A S  SHOW FROM S I B I L A T I O N  LOG 

-PROBABLE PERMEABLE INTERVAL 
FROM RESISTIVITY CROSS PLOTS 

MBs - TOP OF MIDDLE BROWN SHALE 

LGs - TOP OF LOWER GRAY SHALE 

( 5 )  - F E E T  OF OBSERVE0 VERTICAL 
FRACTURES 

{ - CORED INTERVAL 

FIGURE 7 
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SUMMARY OF GEOLOGICAL FINDINGS 
SHALE WELLS -13 WELL PROGRAM 
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ROCK MECtiArjICS ASPECTS OF MHF DESIGN 
I N  EASTERN DEVONIAN SHALE GAS RESERVO I RS 

A. H.  Jones  
A .  S. Abou-Sayed 

L. A.  Rogers 

Te r ra  Tek, I n c .  
S a l t  Lake C i t y ,  Utah 

ABSTRACT 

A s  p a r t  of a n  ERDA/OGST program, rock  mechanics c o n s i d e r a t i o n s  are used t o  h e l p  des ign  deeply  
p e n e t r a t i n g  h y d r a u l i c  f r a c t u r e s  i n  Devonian s h a l e  a t  Columbia Gas System S e r v i c e  Corpora t ion  w e l l s  i n  
Lincoln  County, West V i r g i n i a .  Rock p r o p e r t i e s  of  t h e  pay zone were cons idered  i n  r e l a t i o n  t o  t h e  
b a r r i e r  fo rma t ions .  Formation p r o p e r t i e s  ... s p e c i f i c a l l y ,  e l a s t i c  moduli ,  c r i t i c a l  s t r e s s - i n t e n s i t y  
f a c t o r  and t h e  minimum in situ s t r e s s e s  ... were determined from l a b o r a t o r y  c o r e  measurements and 
f i e l d  tests.  Analyses us ing  format ion  p r o p e r t i e s  sugges t  t h a t  t h e  Middle Brown Sha le  zone i s  t h e  
l a y e r  ( i n  t h e  Devonian s h a l e )  t h a t  i s  most l i k e l y  t o  "contain" a deep ly  p e n e t r a t i n g  h y d r a u l i c  
f r a c t u r e .  F r a c t u r e  containment a n a l y s e s  i n d i c a t e d  t h a t  t h e  g ray  s h a l e s  on e i t h e r  s i d e  of t h e  Middle 
Brown would act  as b a r r i e r s  t o  f r a c t u r e  growth, provided t h e  f r a c t u r e  f l u i d  is  i n j e c t e d  a t  a p r e s s u r e  
t h a t  does  n o t  exceed t h e  n a t u r a l l y  o c c u r r i n g  stress i n  t h e  Middle Brown Sha le  by more than  400 p s i .  
The Lower Brown Sha le  and t h e  Upper Brown Sha le  a r e  a l s o  p r e f e r r e d  zones f o r  f r a c t u r i n g  bu t  a t  
less f a v o r a b l e  c o n d i t i o n s .  
should exceed t h e  n a t u r a l l y  o c c u r r i n g  stress i n  t h e  r e s e r v o i r  rock  by no more than  250 p s i  and 
200 p s i ,  r e s p e c t i v e l y .  

INTRODUCTION 

F r a c t u r e  f l u i d  i n j e c t i o n  p r e s s u r e  i n  t h e  Lower and Upper Brown Sha le s  

F r a c t u r e  i n i t i a t e d  i n  t h e  g ray  s h a l e s  would be expec ted  t o  move ou t  of zone. 

The e a s t e r n  Devonian s h a l e s  r e p r e s e n t  a p o t e n t i a l  gas  r e s e r v o i r  of  enormous s i z e  [Ranos ta j ,  
19761. Unfo r tuna te ly ,  t h e  r e s e r v o i r  c o n s i s t s  of t i g h t  format ions  t h a t  r e q u i r e  s t i m u l a t i o n  b e f o r e  
economic gas  p roduc t ion  can  be  achieved .  Massive h y d r a u l i c  f r a c t u r i n g  r e p r e s e n t s  a p o s s i b l e  st imu- 
l a t i o n  technique  f o r  t h e s e  format ions .  Under c o n t r a c t  from t h e  Energy Research and Development 
Admin i s t r a t ion ,  Columbia Gas System S e r v i c e  Corpora t ion  h a s  been a s s igned  t h e  t a s k  o f :  

1) Determining t h e  t e c h n i c a l  and economic f e a s i b i l i t y  o f  h y d r a u l i c  
f r a c t u r i n g  i n  Devonian s h a l e s ,  and 

2 )  I d e n t i f y i n g  t h e  f r a c t u r e  d i s t r i b u t i o n ,  gas  d i s t r i b u t i o n  and ways 
t o  ach ieve  economic p roduc t ion  by a p p l i c a t i o n  of 
s t i m u l a t i o n  r e s e a r c h  f i n d i n g s .  

To accomplish t h e s e  o b j e c t i v e s ,  a three-wel l  program [Ranos ta j ,  19761 w a s  planned i n  Lincoln  County, 
West V i r g i n i a ;  see F igure  1. D i f f e r e n t  h y d r a u l i c  f r a c t u r e  t r ea tmen t s  w e r e  planned f o r  t h e  f i rs t  two 
w e l l s  i n  o rde r  t o  o b t a i n  d a t a  necessa ry  t o  op t imize  t h e  s t i m u l a t i o n  t r ea tmen t  i n  t h e  t h i r d  w e l l .  
Terra Tek, under s u b c o n t r a c t  from Columbia Gas, was t o  de te rmine  mechanical c h a r a c t e r i s t i c s  of t h e  
format ions  t o  b e t t e r  des ign  and i n t e r p r e t  t h e  r e s u l t s  of t h e  mass ive  h y d r a u l i c  f r a c t u r i n g  (MHF) tests.  
The Devonian s h a l e  i n  t h e  area of t h e  three-wel l  test  program c o n s i s t s  of s e v e r a l  l a y e r s  of brown 
and g ray  s h a l e s ,  a s  shown i n  F igu re  2 .  N a t u r a l  gas  is  found i n  a l l  of t h e  l a y e r s  w i th  t h e  Middle 

Prepared  under Cont rac t  No. E(46-1)-8014. 

4 10 
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and Lower Brown Shale  l a y e r s  having t h e  b e s t  p o t e n t i a l s .  
and t h e r e  are no major t e c t o n i c  displacements i n  t h e  area of t h e  tes t  program, t h e  s h a l e  l a y e r s  a r e  
expected t o  be s imi la r  i n  t h e  20401, 20402 and 20403 w e l l s .  
combined t o  form a composite p i c t u r e  of t h e  area. 

Since t h e  bedding is  nea r ly  h o r i z o n t a l  

Data from a l l  t h r e e  w e l l s  are thus  

I n  hydrau l i c  f r a c t u r i n g  of s u r f a c e  rock formations,  t h e  rock i s  s u b j e c t  t o :  

1) The f r a c t u r i n g  f l u i d  p re s su re  which tends t o  open t h e  crack.  
2) The f a r  f i e l d  in situ stresses a c t i n g  t o  c l o s e  t h e  crack.  

During a hydrau l i c  f r a c t u r e  t reatment ,  t h e  f o r c e s  from t h e  t reatment  f l u i d  need t o  overcome both 
t h e  in s i tu  stress and t h e  f r a c t u r e  toughness of t h e  rocks,  a material property s imi la r  t o  t h e  
t e n s i l e  s t r e n g t h  t h a t  r e p r e s e n t s  t he  r e s i s t a n c e  of rock t o  f r a c t u r i n g .  
formation such as t h e  Devonian s h a l e ,  t h e  s e p a r a t e  l a y e r s  may have d i f f e r e n t  f r a c t u r e  toughness,  
andlor  elastic moduli a long with d i f f e r e n t  n a t u r a l  occu r r ing  stresses i n  t h e  ground. 
containment ana lyses  i s  accomplished by eva lua t ing  t h e s e  f a c t o r s  as they apply t o  t h e  p a r t i c u l a r  
zone of t h e  gas  r e s e r v o i r  being s t imu la t ed .  
is  thus necessary t o  determine i t s  p r o p e r t i e s  i n  r e l a t i o n  t o  t h e  ad jacen t  l a y e r s .  A p a r t i c u l a r  
l a y e r  may be a b a r r i e r  i n  some i n s t a n c e s  and not  a b a r r i e r  i n  o t h e r  i n s t a n c e s ,  depending on t h e  
r e l a t i v e  r e l a t i o n s h i p s  of t h e  stresses and mechanical p r o p e r t i e s .  

In a layered subsurface 

F rac tu re  

To determine whether a l a y e r  is  a b a r r i e r  o r  n o t ,  i t  

CONTAINMENT CRITERIA 

When a f r a c t u r e  is  i n i t i a t e d  i n  rock,  t h e  f r a c t u r e  w i l l  extend when t h e  s t r e s s - i n t e n s i t y  
f a c t o r  a t  i t s  t i p  reaches a c r i t i ca l  value.  
t he  r e l a t i v e  va lues  of t h e  c r i t i ca l  s t r e s s - i n t e n s i t y  f a c t o r s  f o r  t h e  va r ious  materials and t h e  
s t r e s s - i n t e n s i t y  f a c t o r s  
f r a c t u r e  geometry. 
and comparing them t o  t h e  c r i t i c a l  va lues  [Simonson, et a l . ,  19751. The fol lowing d a t a  are used 
i n  such analyses:  

Whether a f r a c t u r e  moves up, down o r  ou t  depends on 

along t h e  f r a c t u r e  per imeter  as generated by t h e  loading cond i t ions  and 
Hence, a f r a c t u r e  ana lyses  r e q u i r e  t h e  determinat ion of t h e  s t r e s s - i n t e n s i t i e s  

1 )  
2) The in situ stress f i e l d  and, i n  p a r t i c u l a r ,  t h e  minimum p r i n c i p a l  

The e las t ic  moduli i n  t h e  pay zone and bounding l a y e r s .  

stresses i n  the  pay zone and t h e  bounding l a y e r s  above and 
below t h e  pay zone. 

t h e  pay zone and bounding l a y e r s .  
3) The f r a c t u r e  toughness o r  c r i t i c a l  s t r e s s - i n t e n s i t y  f a c t o r s  f o r  

4) F rac tu r ing  f l u i d  and t h e  pump schedule.  

Knowledge of t he  e l a s t i c  moduli and t h e  in situ stresses f o r  t h e  pay zone and both of t h e  bounding 
l a y e r s  is  needed t o  determine whether o r  n o t  t h e  bounding l a y e r s  are b a r r i e r s  t o  c rack  extension 
o u t s i d e  t h e  pay zone. 

Hydraulic f r a c t u r e  a n a l y s i s  is  i n h e r e n t l y  a t h r e e  dimensional problem: t h e  mathematical 
s o l u t i o n s  of which are extremely complicated.  
dimensional cracks.  
t h e  parameters and cond i t ions  which in f luence  hydraul ic  f r a c t u r e  propagat ion [Simonson, et al., 
19761. 

The p resen t  work w i l l  be l i m i t e d  t o  t r e a t i n g  two- 
Such a s i m p l i f i e d  a n a l y s i s  provides  considerable  i n s i g h t  i n t o  understanding 

The b a s i c  concept of containment ana lyses  is  i l l u s t r a t e d  i n  Figure 3. The f l u i d  is  moving 
such t h a t  t h e  p re s su re  nea r  t h e  well-bore i s  higher  than t h e  p re s su re  near  t h e  t i p .  E s t i m a t e s  
of t h e  s t r e s s - i n t e n s i t y  f a c t o r  a t  t h e  edges and t i p  of t h e  propagat ing f r a c t u r e  can be made i f  
t h e  p r e s s u r e  p r o f i l e ,  in situ stresses and e las t ic  moduli a long t h e  c rack  shape are known. 
estimates are then compared t o  t h e  c r i t i c a l  s t r e s s - i n t e n s i t i e s .  
t h e  s t r e s s - i n t e n s i t y  f a c t o r s  reach t h e  c r i t i c a l  values .  
i n t e n s i t y  f a c t o r  would be equal  t o  t h e  c r i t i ca l  va lue  a t  a l l  p o i n t s  of t h e  per imeter  around t h e  
crack, t h e  f r a c t u r e  would propagate i n  a l l  d i r e c t i o n s  a t  t h e  same t i m e .  
t h e  s t r e s s - i n t e n s i t y  f a c t o r  reaches a c r i t i c a l  va lue  only a t  t h e  t i p  and not  a t  t he  upper and 
lower edges,  t h e  f r a c t u r e  is then confined t o  the  pay zone. 

These 
The f r a c t u r e  w i l l  propagate when 

I n  t h e  s p e c i a l  case where t h e  stress- 

On t h e  o t h e r  hand, if 
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For t h i s  d i s c u s s i o n ,  w e  w i l l  cons ide r  a long ,  narrow c rack  i n  i n f i n i t e  material. This  model 
i s  r e p r e s e n t a t i v e  of a h y d r a u l i c  f r a c t u r e  w i t h  a s h o r t h  he igh t  and a long  l eng th .  
mathematical  model g i v e s  t h e  fo l lowing  equa t ion  f o r  t h e  stress i n t e n s i t y  f a c t o r  a t  t h e  upper c rack  
edge 

The p l ane  s t r a i n  

-R " 

where 

P = P r e s s u r e  p r o f i l e  i n  c r a c k  

S = Far  f i e l d  h o r i z o n t a l  stress p r o f i l e  

y = P o s i t i o n  a long  c rack  

Y 

Y 

R = Height from t h e  c r a c k  c e n t e r  t o  t h e  t i p  

S r e p r e s e n t s  t h e  minimum p r i n c i p a l  i n  s i tu  stress s i n c e  f r a c t u r e  w i l l  be  normal t o  t h i s  stress. 

Note i n  t h i s  equa t ion  t h a t  t h e  s t r e s s - i n t e n s i t y  f a c t o r  i s  dependent upon t h e  p r o f i l e  of t h e  stress 
d i f f e r e n c e  between t h e  p r e s s u r e  i n s i d e  t h e  f r a c t u r e  and n a t i v e  in situ stresses a c r o s s  t h e  f r a c t u r e .  
D i f f e r e n t  combinations of f l u i d  p r e s s u r e s  and i n  s i tu  stresses w i l l  g i v e  d i f f e r e n t  v a l u e s  of K and, 
i n  t u r n ,  d i f f e r e n t  r e s u l t s  f o r  a p r e d i c t i o n  of t h e  f i n a l  f r a c t u r e  geometry. 

Y 

I 

( i )  I n f l u e n c e  of E l a s t i c  Moduli: 

The above equa t ion  f o r  K is  f o r  t h e  h y p o t h e t i c a l  c a s e  where t h e  e l a s t i c  moduli  of t h e  pay zone 

and t h e  bounding l a y e r  are equal .  I f  t h e  e las t ic  moduli of t h e  s e v e r a l  l a y e r s  were d i f f e r e n t ,  then  
t h e r e  i s  an  a d d i t i o n a l  i n f l u e n c e  on t h e  s t r e s s - i n t e n s i t y  f a c t o r  as a r e s u l t  of t h e  d i f f e r e n c e  i n  t h e  
moduli. F igu re  4 i l l u s t r a t e s  t h e  q u a l i t a t i v e  behavior  of t h e  s t r e s s - i n t e n s i t y  f a c t o r  f o r  a c r a c k  
t h a t  moves pe rpend icu la r  t o  an  i n t e r f a c e  between two materials wi th  d i f f e r e n t  moduli when p lane  
s t r a i n  c o n d i t i o n s  a c r o s s  t h e  bounding l a y e r s  p r e v a i l .  I f  t h e  e las t ic  modulus i n  t h e  pay zone is  
h igher  t han  t h a t  of t h e  bounding l a y e r ,  then  as a f r a c t u r e  propagates  toward t h e  boundary t h e  stress- 
i n t e n s i t y  f a c t o r  i n c r e a s e s  such t h a t  i t  w i l l  r each  t h e  c r i t i c a l  v a l u e  and t h e  f r a c t u r e  w i l l  "snap" 
i n t o  t h e  bounding l a y e r .  On t h e  o t h e r  hand, i f  t h e  modulus i n  t h e  pay zone is  lower than  t h e  moduli 
i n  t h e  bounding l a y e r s ,  then  a f r a c t u r e  which i s  propagat ing  from t h e  pay zone toward t h e  bounding 
l a y e r s  w i l l  f i n d  t h e  s t r e s s - i n t e n s i t y  a t  i t s  t i p  n e a r e s t  t h e  i n t e r f a c e  dec reas ing  as t h e  boundar ies  
are approached such t h a t  t h e  c r i t i c a l  v a l u e  i s  n o t  reached and t h e  f r a c t u r e  i s  conta ined  w i t h i n  t h e  
pay zone. 

I 

( i i )  In f luence  of In  Situ S t r e s s :  

D i f f e rence  i n  i n  s i t u  stresses between t h e  pay zone and t h e  b a r r i e r  l a y e r s  have a d i s t i n c t  
i n f luence  on f r a c t u r e  propagat ion .  Consider t h e  h y p o t h e t i c a l  c a s e ,  shown i n  F igu re  5 ,  i n  which a 
hydrau l i c  f r a c t u r e  has  extended by some mechanism o r  o t h e r ,  i n t o  a d j a c e n t  l a y e r s  w i t h  similar 
e l a s t i c  moduli  bu t  d i f f e r e n t  i n  s i t u  stresses. 
w i l l  advance i n t o  t h e  r e g i o n  of h igh  stress ( t h e  b a r r i e r  l a y e r s )  i n  terms of t h e  p r e s s u r e ,  P, w i t h i n  
t h e  f r a c t u r e  and Po, t h e  f r a c t u r e  f l u i d  p r e s s u r e  r equ i r ed  f o r  t h e  f r a c t u r e  t o  r each  t h e  i n t e r f a c e .  
The cu rves  i n  t h i s  f i g u r e  are f o r  a c rack  h e i g h t  of 200 f e e t ,  a f r a c t u r e  toughness of 1,000 p s i &  
and f o r  pa rame t r i c  v a l u e s  of t h e  i n  situ stress d i f f e r e n c e  S 2  - S1. 
1,000 p s i ,  f o r  example, an  over p r e s s u r e  of 500 p s i  would be expected i f  t h e  f r a c t u r e  w e r e  t o  
propagate  a d i s t a n c e  of 100 f e e t  i n t o  t h e  r e g i o n  of h ighe r  i n  s i tu  stress. 
stress i n  t h e  b a r r i e r  l a y e r s  (S2)  were less than  t h e  i n  s i tu  stress i n  t h e  pay zone (Sl), a s i t u a -  
t i o n  would e x i s t  where i t  r e q u i r e s  less p r e s s u r e  t o  propagate  t h e  f r a c t u r e  i n  t h e  b a r r i e r  t han  i n  
t h e  pay zone. 

F igu re  6 shows a p l o t  of t h e  d i s t a n c e  t h e  c rack  

For a stress d i f f e r e n c e  of 

F i n a l l y ,  i f  t h e  i n  S i t U  

It is  t h e s e  p r i n c i p l e s  t h a t  w i l l  be  used t o  des ign  deep p e n e t r a t i n g  h y d r a u l i c  f r a c t u r e s  i n  
Devonian s h a l e  i n  t h e  nex t  s e c t i o n .  

4 1 2  
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SUMMARY OF ROCK MECHANICS DATA 

Ultirasonic v e l o c i t i e s  and e las t ic  moduli were determined f o r  co res  taken from s e v e r a l  l a y e r s  
i n  w e l l s  20402 and 20403 [Lingle  and Abou-Sayed, 19761. 
measured v e l o c i t i e s  w a s  very s m a l l ,  on t h e  o rde r  of 2 pe rcen t  f o r  p re s su res  ranging from atmospheric 
t o  4,000 p s i .  Also,  t h e  changes i n  v e l o c i t y  wi th  temperature over t h e  range encountered i n  these  
w e l l s  (approximately 100' F) w a s  less than 1 percent  f o r  t h e  P-wave and wi th in  t h e  accuracy of t h e  
measured system f o r  t h e  S-wave. 
from logs .  D e n s i t i e s  and P-wave v e l o c i t i e s  are, i n  gene ra l ,  i n  good agreement, w i th  t h e  except ion 
of t h e  sample from 3910 f e e t .  
as t h e  logs )  are c o n s i s t e n t l y  1 0  t o  1 2  pe rcen t  higher  t han  t h e  l o g  v a l u e  a t  i d e n t i c a l  depth.  This  
is poss ib ly  t h e  r e s u l t  of t h e  logs  d e t e c t i n g  t h e  a r r i v a l  of a s u r f a c e  wave and not  t h e  S-wave [Lingle  
and Jones, 19771. 
w e l l  (within 0.5 pe rcen t )  on t h e  average w i t h  t h e  l abora to ry  measured S-wave v e l o c i t i e s .  

The e f f e c t  of confining p res su re  on the 

Figure 7 shows t h e  comparison of l a b o r a t o r y  d a t a  with d a t a  obtained 

The l abora to ry  S-wave v e l o c i t i e s  (measured wi th  t h e  same p o l a r i z a t i o n  

With t h i s  assumption, t h e  r ev i sed  S-wave v e l o c i t i e s  shown i n  Figure 7 ag ree  very 

Young's modulus has been c a l c u l a t e d  using t h e  measured bulk d e n s i t i e s ,  P-wave v e l o c i t i e s  and 
t h e  r ev i sed  S-wave v e l o c i t i e s .  For t h e  purpose of t hese  c a l c u l a t i o n s ,  t h e  material w a s  assumed 
i s o t r o p i c  and homogeneous. Figure 8 i l l u s t r a t e s  t h e  gene ra l  t rend of t h e  d a t a .  Also shown are 
s t a t i c  moduli from t r i a x i a l  compression of t h e  Upper Brown and Lower Gray Shales .  A s  expected, 
t h e  s ta t ic  moduli are lower than t h e  son ic  moduli; f o r  t h e  samples t e s t e d  t h e  d i f f e r e n c e  is  on t h e  
o rde r  of 20 t o  30 pe rcen t .  

C r i t i ca l  s t r e s s - i n t e n s i t y  f a c t o r s  were determined experimental ly  f o r  t h e  Gray Shales  by 
i n t e r n a l  p r e s s u r i z a t i o n  of c y l i n d r i c a l  samples wi th  two r a d i a l  prenotches.  
developed by C l i f t o n ,  e t  aZ., (1976). I n  t h i s  method a sample of t h e  co re  about two t o  t h r e e  
inches long has  a small diameter ho le  d r i l l e d  along t h e  a x i s  and notches placed i n  t h e  w a l l s  of 
t h e  small h o l e  t o  s p e c i f y  t h e  f r a c t u r e  i n i t i a t i o n  po in t s .  A bladder  i s  placed i n  t h e  ho le  t o  
prevent  f l u i d  from e n t e r i n g  t h e  sample o r  t h e  notches and then p res su re  i s  app l i ed  i n  t h e  bladder 
u n t i l  t h e  sample b u r s t s .  Figure 8 summarizes t h e  r e s u l t s  f o r  t h e  Gray Shales .  

This method w a s  

In situ stresses, e s p e c i a l l y  t h e  d i f f e r e n c e  i n  in situ stresses between t h e  pay and b a r r i e r  
formations,  are  t h e  most c r i t i c a l  parameters t o  MHF containment. Unfortunately,  t h i s  is  t h e  
parameter f o r  which t h e  least  amount of d a t a  is  a v a i l a b l e .  A s i n g l e  mini-hydraulic f r a c t u r i n g  
tes t  was performed by Terra Tek a t  t h e  2745 f o o t  l e v e l  (Upper Gray Shale)  i n  w e l l  number 20402 
[Abou-Sayed, e t  al., 19771. These r e s u l t s  w e r e  as follows: 

Minimum Horizontal  S t r e s s  2360 p s i ,  N 40" W t o  N 45" W 
Maximum Horizontal  Stress 4390 p s i ,  N 45" E t o  N 50" E 
Overburden Stress 3210 p s i  
Pore P res su re  - 250 p s i  

The measured p r i n c i p a l  stress d i r e c t i o n s  ag ree  w e l l  w i th  t h e  p r e v a i l i n g  geo log ica l  s t r u c t u r e  i n  
t h e  region and wi th  t h e  p r i n c i p a l  stress d i r e c t i o n s  r epor t ed  by Overbey (1976) from a series of 
measurements i n  West Vi rg in i a .  
were conducted i s  shown i n  Figure 9. The map, adapted from Harris (USGS Map I-919D, 1975) by 
Overbey (1976), shows a p r o j e c t i o n  of t h e  Rome Trough through t h e  northwestern edge of West 
Vi rg in i a .  Schumaker (1976) desc r ibes  t h e  Rome Trough as a graben bounded by high-angle,  normal 
f a u l t s .  This  s t r u c t u r e  l i e s  wi th in  an area which i s  a j u n c t i o n  of t h r e e  d i s t i n c t  geo log ica l  
provinces  [Werner, 19761: 

A basement s t r u c t u r e  map of t h e  r eg ion  i n  which t h e  reported tests 

1) Cen t ra l  Appalacian Fold B e l t ,  
2)  Southern Appalacian Thrust F a u l t  B e l t ,  and 
3) Appalacian P la t eau  wi th  Basement F a u l t s .  

Although i t  i s  no t  known whether o r  not  basement f a u l t s  p e n e t r a t e  i n t o  t h e  Devonian s h a l e s  i n  t h i s  
area, Overbey's measurements (1976) suggest a c o r r e l a t i o n  of p r i n c i p a l  stress d i r e c t i o n s  wi th  the  
basement s t r u c t u r e .  
d i r e c t i o n  of am are o r i en ted  gene ra l ly  east-west and are normal t o  t h e  predominantly north-south 

s t r i k e  of t h e  t h r u s t  f a u l t s  and f o l d s  of t h e  Appalacian Mountains. 

which f a l l  w i t h i n  t h e  p r o j e c t i o n  of t h e  Rome Trough are N 45" E t o  N 50" E ,  o r  p a r a l l e l  t o  t h e  s t r i k e  
o r  t h e  basement f a u l t s  and i n  agreement w i t h  t h e  d i r e c t i o n s  reported here .  

A t  l o c a t i o n s  which f a l l  o u t s i d e  t h e  p r o j e c t i o n  of t h e  Rome Trough, t h e  measured 

HMAX Measured d i r e c t i o n s  of 0 
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of e las t ic  theory.  
boundary displacements  i n  both h o r i z o n t a l  d i r e c t i o n s  as might be imposed through normal f a u l t i n g  
on t h e  boundaries of t h e  Rome Trough. 
l a y e r s  and t h e  r e s u l t i n g  minimum in s i tu  stress i n  t h e s e  l a y e r s  were est imated using moduli der ived 
from cor rec t ed  logs .  Figure 8c shows a p l o t  of t h e  est imated minimum h o r i z o n t a l  p r i n c i p a l  stresses 
i n  t h e  d i f f e r e n t  formations.  These estimates c o r r e l a t e  w i th  two independent observat ions.  Swolfs, 
e t  a l .  , (1977) , based on s t r a i n  r e l a x a t i o n  d a t a ,  es t imated t h e  minimum in s i b  stress g r a d i e n t s  
from t h e  s u r f a c e  of 0.52 p s i  pe r  f o o t  f o r  t h e  Middle Brown Shale  and 0.76 p s i  pe r  f o o t  f o r  t h e  
ove r ly ing  Middle Gray Shale.  
t h e  Middle Gray ShaleIMiddle Brown Shale  i n t e r f a c e .  
Gray o r  t h e  Lower Brown Shale  w i l l  breakdown under a h y d r o s t a t i c  head of water. 
mum in s i tu  stress shown i n  Figure 8c f o r  t h e  Lower Brown Shale  would a l s o  p r e d i c t  t h i s  behavior.  

DATA INTERPRETATION 

Data from t h e  Upper Gray Shale  w a s  analyzed f o r  de t e rmina t ion  of app l i ed  

These same displacements w e r e  app l i ed  t o  t h e  o t h e r  s h a l e  

These stress g r a d i e n t s  co inc ide  w i t h  t h e  d a t a  shown i n  Figure 8c a t  
F i e l d  engineers  contend t h a t  e i t h e r  t h e  Lower 

The est imated mini- 

Although t h e  tests were minimal, s u f f i c i e n t  d a t a  w a s  gleaned from a v a i l a b l e  information t o  per- 
Both Figure 8a and 8c i n d i c a t e  t h a t  t h e  gray s h a l e s  and Onondaga Lime- form a containment analyses .  

s t o n e  w i l l  act as b a r r i e r s  t o  t h e  f r a c t u r e  growth i n  t h e  brown sha le s .  
s t r o n g  b a r r i e r s  (moduli c o n t r a s t  i s  less than 30 percen t  and t h e  l a r g e s t  in situ stress d i f f e r e n c e  
is  less than  800 p s i ) ,  however, and can a l s o  be broken down i f  f l u i d  p r e s s u r e s  are too high. 
brown s h a l e s  w i l l  no t  form b a r r i e r s  t o  f r a c t u r e s  i n  t h e  gray sha le s .  
w i th  f i e l d  r e s u l t s  r epor t ed  by M c K e t t a  (1977). 
20403 propagated upwards i n t o  t h e  Middle Brown Shale .  
breaking down t h e  Middle Brown Shale.  

The gray s h a l e s  are not  

The 
This  i n t e r p r e t a t i o n  c o r r e l a t e s  

A f r a c t u r e  i n i t i a t e d  i n  t h e  Lower Gray Shale  i n  W e l l  
Communication w a s  noted on p e r f o r a t i n g  and 

A s i g n i f i c a n t  f a c t o r  i n  success fu l  completion of MHF treatment  i n  r e s e r v o i r s  with marginal 
b a r r i e r  formations i s  t h e  c o n t r o l  of f r a c t u r i n g - f l u i d  flow rate  and t h e  maximum al lowable bottom 
ho le  t reatment  p re s su re  (BHTP). There are o the r  f a c t o r s ,  bes ides  containment of t h e  induced 
f r a c t u r e ,  t h a t  might impose c e r t a i n  bounds on both flow rate  and BHTP. 
c rea t ed  crack width,  s t r e n g t h  of cas ing ,  l o c a t i o n  of p e r f o r a t i o n  and t h e  l i k e .  However, t h e  ca l -  
cu la t ed  va lue  of BHTP t h a t  would prevent  t he  f r a c t u r e  pene t r a t ion  i n t o  b a r r i e r  zones would prove 
instrumental  i n  achieving a contained f r a c t u r e  geometry. 
given t reatment  can be obtained fol lowing t h e  arguments presented earlier.  For a pay formation 
height  of 2c, and a pumping p res su re  of P ,  t h e  f r a c t u r e  w i l l  extend a l e n g t h  R' i n t o  t h e  b a r r i e r  
l a y e r  such t h a t  [Simonson, e t  a t . ,  19761: 

These are proppant t r a n s p o r t ,  

An estimate of t h e  maximum BHTP f o r  a 

where K is  t h e  c r i t i c a l  s t r e s s - i n t e n s i t y  f a c t o r  f o r  t h e  b a r r i e r  l a y e r  and S1 and S g  

minimum in situ stresses f o r  t h e  pay and b a r r i e r  zones, r e s p e c t i v e l y .  Pene t r a t ion  of t h e  f r a c t u r e  
i n i t i a t e d  i n  t h e  Middle Brown Shale  i n t o  t h e  Middle Gray Shale i s  shown i n  Figure 10.  
pumping p r e s s u r e  i n  t h e  f r a c t u r e  (P-SI) less than  400 p s i ,  t he  p e n e t r a t i o n  i s  kept  w i th in  50 feet .  
To maintain f r a c t u r e  i n t r u s i o n  i n t o  the  Middle Gray Shale  wi th in  t h i s  l i m i t ,  t h e  bottom ho le  
t reatment  p re s su re  during hydraul ic  f r a c t u r i n g  of t h e  Middle Brown Shale l a y e r  should not  exceed 
t h e  minimum h o r i z o n t a l  stress i n  t h a t  zone by more than  400 p s i ,  p l u s  any expected drop i n  p re s su re  
a c r o s s  t h e  pe r fo ra t ion .  Corresponding cons ide ra t ions  f o r  t h e  Lower Brown and Lower Gray Shales  
( t h e  Onondaga Limestone forms a s t r o n g  b a r r i e r  due t o  i t s  l a r g e  e las t ic  moduli) l e a d s  t o  a BHTP 
of 250 p s i  i n  excess  of t h e  minimum h o r i z o n t a l  stress f o r  t h e  Lower Brown Shale.  For t h e  Upper 
Brown Shale ,  t h e  Upper Gray and Middle Gray Shales  w i l l  form weak b a r r i e r s .  
cons ide ra t ions  as ou t l ined  above, t h i s  l e a d s  t o  a BHTP of 200 p s i  i n  excess  of t h e  minimum 
h o r i z o n t a l  stress f o r  t h e  Upper Brown Shale.  

are t h e  Ic 

For excess  

Following s imi la r  

I n  t r e a t i n g  t h e  Middle Brown Shale f i r s t ,  t h e  f r a c t u r e  w i l l  propagate i n t o  both t h e  Middle 
Gray and Lower Gray Shales .  There is ,  t h e r e f o r e ,  t h e  p o s s i b i l i t y  t h a t  la ter  f r a c t u r e s  i n i t i a t e d  
i n  t h e  Upper Brown and i n  t h e  Lower Brown Shales  w i l l  i n t e r a c t  w i th  t h e  earlier f r a c t u r e  c rea t ed  
i n  t h e  Middle Brown Shale.  
t i o n  be f r a c t u r e d  f i r s t .  

I n  a mult i -s tage MHF i t  is  important tHat t h e  b e t t e r  r e s e r v o i r  forma- 

4 14 
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NOMENCLATURE 

Half t h e  pay fo rma t ion  h e i g h t  

S t r e s s - i n t e n s i t y  f a c t o r  f o r  Mode-I c r a c k s  (opening  mode) 

Cri t ical  s t r e s s - i n t e n s i t y  f a c t o r  ( f r a c t u r e  toughness)  

Half  t h e  c r a c k  h e i g h t  

Length o f  f r a c t u r e  e x t e n s i o n  i n  t h e  b a r r i e r  l a y e r  

F r a c t u r i n g  f l u i d  p r e s s u r e  needed t o  a c h i e v e  a f r a c t u r e  h e i g h t  of 2c 

F r a c t u r i n g  f l u i d  p r e s s u r e  

F r a c t u r i n g  p r e s s u r e  p r o f i l e  i n  t h e  v e r t i c a l  d i r e c t i o n  

Minimum f a r - f i e l d  h o r i z o n t a l  stress i n  t h e  pay zone 

Minimum f a r - f i e l d  h o r i z o n t a l  stress i n  t h e  b a r r i e r  l a y e r  

Minimum f a r - f i e l d  h o r i z o n t a l  stress p r o f i l e  i n  t h e  v e r t i c a l  d i r e c t i o n  

Vertical d i s t a n c e  a long  f r a c t u r e  s u r f a c e  

Maximum f a r - f i e l d  h o r i z o n t a l  stress 
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Figure 1. Location of wells i n  Lincoln County, West Virginia. 
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MI.  - BASE OF BEREA SANDITOWL 

UO. - TOP Of UPPER ORAY SHALE 

UBa - TOP OF UPPER BROWN SHALE 

NOr-TOPOCYUOU90AYl)(.LE 

N h  - TOP OF NIODLE B R W W  SHUE 

LO# - TOP OF LOWER O R 1 1  WALL 

AND IILTSTONE 

La8 - TOP OF LOWER BROWN SHALE 

OOn - TOP OF CO~IFEROUS 
(ONONDAQAI LINESTONE 

c - @AS SHOW FRON lI@ILATIOC w 
I -PROMBLL PLRNLA@LE INTERVM 

FRON RESISTIVITY C R O U  PLOT8 

(51 - FEET O f  OBSERVED VERTICAL 
FRACTURES 

{ - CORED INTERVAL 

EGS-24 

Figure 2. Summary of geological findings [from Ranostaj, 19761. 
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11 K, AT UPPER EDGE 
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BARRIER 
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II - 
p#Y 

ZONE 
FLUID PRESSURE PROFILE 
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6 KI AT LOWER EDGE 

CRACK WILL PROPACATE WHERE KLsKI, 

Figure 3. Schematic diagrap t o  i l l u s t r a t e  
fracture containment analysis .  

Barrier elastic moduli less than pay z8(n 
elastic moduli. 

K 
K o  1.0 - ! 

Fracture propagates i n t o  barrier 
when critical value i s  reached. 

Barrier elastic moduli greater than 
pay zone moduli. 

01 I 

I 2 3 4 s 
TIP OISTLUYCE FROM e o u w y  

C / l  (DIMENSIONLESS) 

i n  

Figure 4 .  Qualitative behavior of the stress- intensity factor 
as  a crack of length 2a approaches the boundary of 
an adjacent layer with different  e l a s t i c  moduli. 
(c  i s  distance from fracture center to  boundary). 
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Figure 6. Estimate of fracture migration into the barrirr 
layers. [From Simonson, et a t . ,  19761. 
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Figure 8a. Log der ived (do t t ed  l i n e s )  and l abora to ry  
measured ( s o l i d  l i n e s )  modulus of e l a s t i c i t y .  
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Figure  8b. Crit ical  s t r e s s - i n t e n s i t y  f a c t o r  f o r  t h e  

b a r r i e r  s h a l e s  only.  
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Figure 9 .  Basement structure of Kentucky-West Virginia adapted 
from Overbey (1976) with the direction of maximum 
horizontal stress  at  well 20403. 
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Figure 10. Fracture penetration into the Middle Gray 
Shale for fracture in the Middle Brown Shale. 
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T I L T  MONITORING OF MASSIVE HYDRAULIC FRACTURE EXPERIMENTS 
IN DEVONIAN SHALE OF WEST V I R G I N I A  

by 

M .  D. Wood, U.S. Geological Survey 

ABSTRACT 

Several Massive Hydraulic Fracture (MHF) experiments have been monitored with surface tiltmeter 
arrays in a variety of geologic settings. 
develop a useable technique for determination of azimuth and extent of hydraulic fractures. Signals 
from three MHF experiments in the Wattenberg, Colorado gas field at depths approaching 10000 feet 
have been reasonably explained by a simple dislocation model. Determinations of the spatial 
geometry were in accord with other available information. 
three MHF experiments monitored at half the depth in a Devonian shale section in West Virginia. 
Neither the shape of the response curves nor their amplitudes agree with a simple model of a 
biwinged, propagating fracture yet there are signals that correlate with variations of injection 
rates and driving pressures. 
experiments suggests that the fracture failed to attain significant design length andlor a 
preexisting fracture system was encountered that permitted disposal of the fracture fluid and 
proppant without sufficient deformation to generate a tilt signal. 
other surface monitoring experiments, post-fracture evaluation and measurements in the wellbore may 
resolve this uncertainty. 

The principal objective of these experiments is to 

Comparable results are lacking from 

Lack of well-defined signals across the tihtmeter array for all these 

Synthesis of these data with 

*Paper not available at time of publication 
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RESULTS FROM A MHF SURFACE 
ELECTRICAL POTENTIAL MAPPING EXPERIMENT 

C a r l  L .  S c h u s t e r  
Leon J .  Keck 

S a n d i a  L a b o r a t o r i e s  
A l b u q u e r q u e ,  N e w  Mexico  

ABSTRACT 

S a n d i a  L a b o r a t o r i e s  h a s  d e v e l o p e d  a s u r f a c e  e l e c t r i c a l  p o t e n t i a l  s y s t e m  f o r  
r e m o t e l y  d e t e r m i n i n g  t h e  a z i m u t h a l  o r i e n t a t i o n  of  m a s s i v e  h y d r a u l i c  f r a c t u r e s .  The 
b a s i s  o f  t h e  s y s t e m  i s  t o  u s e  t h e  f r a c t u r e  w e l l  as  a c u r r e n t  e l e c t r o d e  w h i c h  c h a n g e s  
g e o m e t r y  a s  t h e  c o n d u c t i v e  f l u i d  i s  pumped o u t  i n t o  t h e  f o r m a t i o n .  T h i s  r e s u l t s  i n  
a c h a n g i n g  e l e c t r i c  p o t e n t i a l  f i e l d  a t  t h e  s u r f a c e  w h i c h  i s  m e a s u r e d  r a d i a l l y  a r o u n d  
t h e  well. The s y s t e m  w a s  d e p l o y e d  f o r  a MHF e x p e r i m e n t  w i t h  C o l u m b i a  Gas i n  t h e  
D e v o n i a n  S h a l e  d u r i n g  A u g u s t  1 9 7 6  i n  L i n c o l n  C o u n t y ,  West V i r g i n i a .  S e v e r a l  o p e r a -  
t i o n a l  p r o b l e m s  d u r i n g  t h e  two d a y s  o f  f r a c t u r i n g  somewhat  i m p a i r e d  t h e  d a t a .  
P o t e n t i a l  c h a n g e s  d u r i n g  t h e  pumping  d i d  i n d i c a t e  f r a c t u r e  g r o w t h ;  h o w e v e r ,  t h e  d a t a  
d i d  n o t  g i v e  a c l e a r  i n d i c a t i o n  as t o  i t s  o r i e n t a t i o n .  A s c r e e n - o u t  t h a t  o c c u r r e d  
a t  t h e  e n d  o f  t h e  f i r s t  d a y ' s  pumping  d i d  p r o d u c e  some i n t e r e s t i n g  p o t e n t i a l  c h a n g e s .  

I N T R O D U C T I O N  

S e v e r a l  p a p e r s  p r e s e n t e d  a t  t h e  D e v o n i a n  S h a l e  P r o d u c t i o n  a n d  P o t e n t i a l  Symposium 
i n d i c a t e  a l a r g e  r e c o v e r a b l e  n a t u r a l  g a s  s u p p l y  c o u l d  b e  e s t a b l i s h e d  f r o m  t h e  D e v o n i a n  
s h a l e  i f  a n  e c o n o m i c  means o f  s t i m u l a t i o n  c o u l d  b e  d e v e l o p e d . [ l ]  S e v e r a l  m e t h o d s  o f  
d e v e l o p i n g  t h e s e  r e s e r v e s  a r e  b e i n g  a t t e m p t e d  w i t h  o n e  t e c h n i q u e  b e i n g  t h e  u s e  o f  
m a s s i v e  h y d r a u l i c  f r a c t u r e  s t i m u l a t i o n .  The d e v e l o p m e n t  o f  t h e s e  r e s e r v o i r s  w i l l  r e -  
q u i r e  t h a t  t h e  f r a c t u r i n g  t e c h n i q u e s  b e  u n d e r s t o o d  a n d  a n  a c c u r a t e  k n o w l e d g e  o f  t h e i r  
d i m e n s i o n s ,  o r i e n t a t i o n s ,  a n d  c h a r a c t e r i s t i c s  b e  m e a s u r e d .  E a r l y  a t t e m p t s  w e r e  made 
b y  S a n d i a  L a b o r a t o r i e s  t o  d e t e r m i n e  f r a c t u r e  p a r a m e t e r s  i n  t h e  P i n e d a l e  f i e l d  i n  
Wyoming.[21 T h e s e  e a r l y  e x p e r i m e n t s  i n d i c a t e d  t h e  v a l u e  o f  t h e  s u r f a c e  e l e c t r i c a l  
mapping  t e c h n i q u e  a n d  r e s u l t e d  i n  t h e  s y s t e m  b e i n g  d e v e l o p e d  a n d  f i e l d e d  b y  S a n d i a  
f o r  o b t a i n i n g  f r a c t u r e  d a t a .  The s y s t e m  was d e v e l o p e d  o v e r  t h e  1974-1975 t i m e  f r a m e  
a n d  c o m p l e t e d  e a r l y  i n  1 9 7 6  w i t h  a c o m p l e t e l y  r e d e s i g n e d  a n d  i m p r o v e d  e l e c t r o n i c  
s y s t e m .  T h i s  i m p r o v e d  s y s t e m  was d e p l o y e d  f o r  a D e v o n i a n  s h a l e  MHF e x p e r i m e n t  i n  
J u l y  a n d  A u g u s t  o f  1 9 7 6 .  Data w e r e  r e c o r d e d  f o r  two d a y s  o f  a MHF e x p e r i m e n t  a n d  t h e  
a n a l y s i s  o f  t h e s e  d a t a  a r e  p r e s e n t e d  i n  t h i s  p a p e r .  A d d i t i o n a l  e x p e r i m e n t s  h a v e  b e e n  
c o n d u c t e d  i n  t h e  w e s t e r n  t i g h t  g a s  s a n d s  u s i n g  t h i s  s y s t e m  w i t h  good r e s u l t s .  F r a c -  
t u r e  g r o w t h  p e r i o d  a n d  f r a c t u r e  o r i e n t a t i o n  h a v e  b e e n  d e t e c t e d  on s e v e r a l  e x p e r i m e n t s .  
The r e s u l t s  f r o m  t h e  D e v o n i a n  s h a l e  e x p e r i m e n t  c o n d u c t e d  i n  L i n c o l n  C o u n t y ,  West 
V i r g i n i a  h o w e v e r  do n o t  g i v e  a c l e a r  i n d i c a t i o n  o f  f r a c t u r e  o r i e n t a t i o n  p r o b a b l y  
b e c a u s e  o f  a much s h o r t e r  h o r i z o n t a l  f r a c t u r e  l e n g t h .  

E L E C T R I C A L  DATA SYSTEM 

The e l e c t r i c a l  p o t e n t i a l  d a t a  s y s t e m  c o n t a i n s  t h r e e  s u b - s y s t e m s :  1) a c u r r e n t  
g e n e r a t o r ,  2 )  t h e  s u r f a c e  p o t e n t i a l  m e a s u r e m e n t  s y s t e m ,  a n d  3 )  t h e  c o m p u t e r  a n d  d a t a  
c o n t r o l  s y s t e m .  The  c u r r e n t  g e n e r a t o r  s y s t e m  c o n t a i n s  t h e  n e c e s s a r y  e q u i p m e n t  f o r  

426 



2 RESULTS FROM A MHF SURFACE ELECTRICAL POTENTIAL MAPPING EXPERIMENT EGS-26 

g e n e r a t i n g  c u r r e n t  p u l s e s  t h a t  a r e  i n j e c t e d  be tween  t h e  f r a c t u r e  w e l l  and  a r e m o t e  
w e l l  c a s i n g .  The f r a c t u r e  w e l l  a c t s  as  one  o f  t h e  c u r r e n t  e l e c t r o d e s  which  d u r i n g  
t h e  c o u r s e  o f  t h e  f r a c t u r i n g  e x p e r i m e n t  w i l l  change  i t s  g e o m e t r y .  T h i s  change  i n  
geomet ry  i s  r e f l e c t e d  i n  a c h a n g i n g  p o t e n t i a l  p a t t e r n  a t  t h e  s u r f a c e .  The p o t e n t i a l  
measurement  s y s t e m  c o n s i s t s  o f  24 sub- sys t ems  f o r  m e a s u r i n g  t h e  p o t e n t i a l  on r a d i a l s  
l o c a t e d  e v e r y  1 5 '  a r o u n d  t h e  f r a c t u r e  w e l l .  These  p o t e n t i a l s  a r e  m u l t i p l e x e d  t o -  
g e t h e r  and  b r o u g h t  i n t o  t h e  compute r  s y s t e m  which  r e c o r d s  t h e  p o t e n t i a l s  f o r  e a c h  o f  
t h e  24 l o c a t i o n s .  F i g u r e  1 i s  a l a y o u t  o f  t h e  s u r f a c e  p o t e n t i a l  s y s t e m  t h a t  w a s  
u s e d  i n  L i n c o l n  Coun ty ,  West V i r g i n i a  f o r  t h e  f r a c t u r e  on C o l u m b i a ' s  20401.  F o r  
t h i s  e x p e r i m e n t  t h e  r a d i a l  l o c a t i o n s  were  500 f t .  and 3000 f t .  on 1 5 '  s p a c i n g s .  The 
c u r r e n t  r e t u r n  w e l l  was l o c a t e d  a p p r o x i m a t e l y  two m i l e s  n o r t h ,  30' e a s t  from t h e  
f r a c  w e l l .  Data were  c o l l e c t e d  a p p r o x i m a t e l y  e v e r y  two m i n u t e s  s t a r t i n g  f rom b e f o r e  
f r a c t u r e  i n i t i a t i o n  u n t i l  a n  h o u r  a f t e r  t h e  shut-down on t h e  f i r s t  f r a c  d a y .  A com- 
p l e t e  e l e c t r i c a l  d e s c r i p t i o n  o f  t h e  s y s t e m  w i l l  n o t  b e  g i v e n  h e r e  as  i t  i s  c o n t a i n e d  
i n  r e f e r e n c e  3. 

MATHEMATICAL ANALYSIS 

An e x t e n s i v e  e f f o r t  has  t a k e n  p l a c e  t o  model  t h e  w e l l  c a s i n g  and  f l u i d - f i l l e d  
f r a c t u r e  a s  a c u r r e n t  e l e c t r o d e  w i t h  t h e  r e s u l t i n g  e l e c t r i c a l  p o t e n t i a l  f i e l d  and  
c h a n g e s  t h a t  o c c u r  a t  t h e  s u r f a c e .  I n i t i a l  mode l ing  e f f o r t  w a s  t o  assume t h e  w e l l  
c a s i n g  and  f l u i d  t o  b e  p e r f e c t l y  c o n d u c t i v e  and  t o  a c t  as l i n e  s o u r c e s  f o r  c u r r e n t  
i n  an  i n f i n i t e ,  homogeneous medium. The p o t e n t i a l  c h a n g e s  a t  t h e  s u r f a c e  were  t h e n  
c a l c u l a t e d  b a s e d  upon t h e  c h a n g i n g  geomet ry  of  t h e  c u r r e n t  e l e c t r o d e .  Because  of  
t h e  l i m i t a t i o n s  imposed  b y  t h i s  c o n s t r a i n e d  mode l ,  a s e c o n d  e f f o r t  was u n d e r t a k e n  
t h a t  u t i l i z e d  t h e  G r e e n ' s  f u n c t i o n  i n t e g r a l  a p p r o a c h . [ 4 , 5 ]  S i n c e  t h e s e  h a v e  b e e n  
r e p o r t e d  on e x t e n s i v e l y ,  t h i s  p a p e r  w i l l  o n l y  summarize t h e  r e s u l t s  f rom t h o s e  
p a p e r s .  The s c h e m a t i c  l a y o u t  u s e d  f o r  t h e  model  i s  shown i n  F i g u r e  2 .  The f r a c t u r e  
l e n g t h ,  h e i g h t ,  and  d e p t h  c a n  all b e  a d j u s t e d  i n  t h e  model  as w e l l  as t h e  r a d i u s  f o r  
t h e  two p o t e n t i a l  m e a s u r i n g  p o i n t s .  F i g u r e  3 shows t h e  r e s u l t s  o f  t h e  p o t e n t i a l  
c h a n g e s  a r o u n d  t h e  f r a c  w e l l  f o r  f o u r  d i f f e r e n t  f r a c t u r e  r a t i o s .  Curve  A i s  f o r  a 
f r a c t u r e  t h a t  i s  p e r f e c t l y  a s y m m e t r i c a l ;  t h a t  i s ,  b o t h  wings  a r e  o f  e q u a l  l e n g t h  and  
c u r v e  C i s  f o r  a 25%-75% f r a c t u r e  where  one  f r a c t u r e  l e n g t h  i s  75% of  t h e  t o t a l .  A s  
c a n  b e  s e e n  i n  F i g u r e  3 t h e  a symmet r i c  n a t u r e  of  t h e s e  c u r v e s  a l l o w s  f o r  b o t h  t h e  
f r a c t u r e  o r i e n t a t i o n  t o  be  d e t e r m i n e d  and  a l s o  t h e  asymmetry o f  t h e  f r a c t u r e .  D a t a  
t h a t  a r e  b a s i c a l l y  two c y c l e s  i n  n a t u r e  g o i n g  a r o u n d  t h e  f r a c t u r e  w e l l  i n d i c a t e  a 
s y m m e t r i c a l  f r a c t u r e .  When t h e s e  d a t a  become one  c y c l e  t h e n  i t  i n d i c a t e s  a f r a c t u r e  
t h a t  i s  more a s y m m e t r i c a l .  Both  t y p e s  o f  d a t a  h a v e  b e e n  c o l l e c t e d  on o t h e r  
e x p e r i m e n t s . [ 6 ]  

EXPERIMENT DESCRIPTION 

On Augus t  3 and 4 ,  S a n d i a  p a r t i c i p a t e d  i n  a MHF e x p e r i m e n t  w i t h  Columbia Gas i n  
L i n c o l n  Coun ty ,  West V i r g i n i a .  The f r a c t u r e  w e l l  w a s  Co lumbia ' s  w e l l  20401 and  w a s  
t o  b e  f r a c t u r e d  a s  p a r t  o f  a j o i n t l y  f u n d e d  ERDA/indus t ry  p r o j e c t  w i t h  t h e  Morgan- 
town Energy  R e s e a r c h  C e n t e r  b e i n g  t h e  t e c h n i c a l  p r o j e c t  o f f i c e .  S a n d i a ' s  p a r t i c i p a -  
t i o n  w a s  d i r e c t e d  a t  e v a l u a t i n g  t h e  s u r f a c e  e l e c t r i c a l  p o t e n t i a l  t e c h n i q u e  f o r  
d e t e r m i n i n g  f r a c t u r e  o r i e n t a t i o n  i n  a Devonian  s h a l e  e x p e r i m e n t .  

The s u r f a c e  a r r a y  was i n s t a l l e d  w i t h  t h e  i n t e r - r a d i a l s  l o c a t e d  a t  500 f t .  and  
t h e  o u t e r  r a d i a l s  a t  3000 f t .  r a d i a l l y  e v e r y  1 5 '  a r o u n d  t h e  f r a c t u r e  w e l l .  F i g u r e  
4 shows t h e  t o p o g r a p h y  o f  t h e  a r e a  a n d  t h e  w e l l s  o f  i n t e r e s t .  Well  5420 was t h e  
c u r r e n t  r e t u r n  w e l l  a n d  was l o c a t e d  a p p r o x i m a t e l y  two m i l e s  t o  t h e  n o r t h - n o r t h e a s t .  
I n s t a l l i n g  t h e  a r r a y  w a s  most  t e d i o u s  a s  can  b e  s e e n  b y  t h e  e x t r e m e  h i l l y  t o p o -  
g r a p h y .  The s i t e  w a s  o c c u p i e d  b y  s e v e r a l  h e r d s  of  c a t t l e  and  also s e v e r a l  r o a d s  h a d  
t o  b e  c r o s s e d  f o r  t h e  i n s t a l l a t i o n  wh ich  c a u s e d  c o n s i d e r a b l e  t r o u b l e  w i t h  t h e  p o t e n -  
t i a l  w i r e s  b e i n g  b r o k e n .  D u r i n g  t h e  c o u r s e  of t h e  e x p e r i m e n t  s e v e r a l  w i r e s  Were 
b r o k e n  and  h a d  t o  b e  r e p l a c e d  c a u s i n g  l o s s  o f  d a t a  d u r i n g  t h e s e  p e r i o d s .  

EXPERIMENT RESULTS 

On Augus t  3, t h e  main f r a c t u r e  t r e a t m e n t  w a s  s t a r t e d .  F o u r t e e n  p e r f o r a t i o n s  
had  b e e n  emplaced  be tween  3788 f t .  and  3860 f t .  o f  d e p t h  a n d  t h e  f o r m a t i o n  h a d  b e e n  
b r o k e n  down p r i o r  t o  t h e  main f r a c  d a t e .  Two p e r c e n t  K C 1  h a d  b e e n  added  t o  t h e  frat 
f l u i d  t o  i n c r e a s e  i t s  c o n d u c t i v i t y  f o r  t h e  e l e c t r i c a l  p o t e n t i a l  t e s t .  A f t e r  ap -  
p r o x i m a t e l y  460,000 g a l l o n s  o f  f l u i d  h a d  been  pumped, a s c r e e n - o u t  o c c u r r e d  u h i c h  
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t e r m i n a t e d  pumping on August  3. On Augus t  4 ,  a d d i t i o n a l  p e r f o r a t i o n s  were  p l a c e d  
and  pumping w a s  r e sumed .  A t o t a l  o f  506,000 g a l l o n s  and  9 3 0 , 0 0 0  pounds  o f  p r o p p a n t  
w a s  p l a c e d  i n t o  t h e  f r a c t u r e  w e l l  i n  t h e  two d a y s  o f  pumping.  

The s u r f a c e  e l e c t r i c a l  p o t e n t i a l  d a t a  c o l l e c t e d  d u r i n g  t h e  f r a c t u r e  h a s  been  
t h o r o u g h l y  a n a l y z e d .  An example  o f  how t h e  f r a c t u r e  o r i e n t a t i o n  h a s  been  d e t e r m i n e d  
on p r e v i o u s  e x p e r i m e n t s  i n  t h e  W e s t e r n  T i g h t  Gas Sands  Program i s  i l l u s t r a t e d  i n  
F i g u r e  5 . [ 7 1  T h i s  d a t a  w a s  c o l l e c t e d  d u r i n g  a n  AMOCO e x p e r i m e n t  i n  t h e  W a t t e n b e r g  
a r e a  n o r t h e a s t  of  Denver ,  C o l o r a d o .  The d a t a  d e m o n s t r a t e s  t f ie  p r o g r e s s i v e  g rowth  of 
a f r a c t u r e  o r i e n t e d  p r i m a r i l y  i n  t h e  n o r t h w e s t  d i r e c t i o n  w i t h  t h e  minor  f r a c t u r e  
a x i s  e x t e n d i n g  t o  t h e  s o u t h e a s t .  The f o u r  c u r v e s  i n d i c a t e  t h e  f r a c t u r e  g rowth  f o r  
e a c h  o n e - f o u r t h  o f  t h e  pumping i n t e r v a l .  An a n a l o g o u s  t y p e  o f  p r e s e n t a t i o n  c a n n o t  
be  made f o r  t h e  d a t a  c o l l e c t e d  d u r i n g  t h e  Devonian  s h a l e  e x p e r i m e n t .  Throughou t  
t h e  e n t i r e  t e s t  day  t h e r e  were m a j o r  c h a n g e s  i n  t h e  p o t e n t i a l  f i e l d  a s  i l l u s t r a t e d  
by  t h e  d a t a  p l o t t e d  f rom one  o f  t h e  r a d i a l s  a s  shown i n  F i g u r e  6 .  (However ,  t h e s e  
ma jo r  c h a n g e s  were  n o t  c o n s i s t e n t  enough t o  show t h e  f r a c t u r e  o r i e n t a t i o n .  The 
man-made and  n a t u r a l  h a z a r d s  i . e . ,  cows and  c a r s  c a u s i n g  b r o k e n  r a d i a l  w i r e s  p r e -  
c l u d e d  o b t a i n i n g  s u f f i c i e n t  d a t a  t o  s e e  any  asymmetry i n  t h e  d a t a  b e i n g  p l o t t e d  
a r o u n d  t h e  f r a c t u r e  W e l l . )  Changes t h a t  d i d  o c c u r  i n  t h e  p o t e n t i a l  f i e l d  were  
e s s e n t i a l l y  u n i f o r m  a r o u n d  t h e  f r a c t u r e  w e l l  and  c o u l d  n o t  b e  d i s c e r n e d  above  t h e  
n o i s e  l e v e l  t h a t  w a s  p r e s e n t .  T h i s  l a c k  of  d e t e r m i n a t i o n  i s  p r o b a b l y  c a u s e d  b y  t h e  
l a c k  o f  e x t e n s i v e  h o r i z o n t a l  g rowth  i n  t h e  f r a c t u r e .  T h i s  c o u l d  b e  c a u s e d  b y  t h e  
f r a c t u r e  o b t a i n i n g  a g r e a t e r  v e r t i c a l  d i m e n s i o n  o r  by f i l l i n g  o f  e x i s t i n g  f r a c t u r e s  
c l o s e  t o  t h e  w e l l b o r e .  

The f r a c t u r e  g rowth  t h a t  was r e c o g n i z e d  d i d  o c c u r  d u r i n g  t h e  f i r s t  t h r e e  t o  
f o u r  h o u r s  of  pumping.  The phenomena o f  e a r l y  f r a c t u r e  g rowth  h a d  b e e n  s e e n  on s e v -  
e r a l  p r e v i o u s  e x p e r i m e n t s .  The d e c r e a s i n g  p o t e n t i a l  i n d i c a t e s  t h a t  t h e  f r a c t u r e  
a r e a  i s  g rowing .  A s  can  b e  s e e n  on F i g u r e  6 t h e  p o t e n t i a l  d e c r e a s e s  f rom t h e  s t a r t  
o f  pumping a t  8 : o o  u n t i l  a p p r o x i m a t e l y  12:OO a t  which  t i m e  t h e  f r a c t u r e  g rowth  seems 
t o  l e v e l  o u t  a n d  r e m a i n  c o n s t a n t  u n t i l  l5:OO. The p o t e n t i a l  c h a n g e s  t h a t  o c c u r r e d  
be tween  15:OO a n d  16:oo h o u r s  a r e  a d i r e c t  r e s u l t  o f  t h e  s c r e e n - o u t  t h a t  o c c u r r e d .  
A l l  r a d i a l s  showed s i m i l a r  t y p e s  o f  p o t e n t i a l  changes  d u r i n g  t h e  s c r e e n - o u t .  The 
p o t e n t i a l  c h a n g e s  f o r  one  o f  t h e  r a d i a l s  a r e  shown i n  F i g u r e  7 i n  an  expanded  t i m e  
and  v o l t a g e  s c a l e .  I n  F i g u r e  7 t h e  r e g i o n  A i s  t h e  t i m e  o f  i n c r e a s i n g  p r e s s u r e  and  
d e c r e a s i n g  f l o w  r e s u l t i n g  f rom t h e  o r i g i n a l  s c r e e n - o u t .  Reg ion  B i s  a p e r i o d  o f  
t e m p o r a r y  shut-down i n  t h e  f r a c t u r i n g  o p e r a t i o n  and  Reg ion  C i s  a p e r i o d  o f  p r e s s u r e  
s u r g i n g  i n  an a t t e m p t  t o  r e e s t a b l i s h  f l o w  i n t o  t h e  f o r m a t i o n .  The i n c r e a s e  i n  t h e  
p o t e n t i a l s  d u r i n g  t h e  s c r e e n - o u t  c o u l d  i n d i c a t e  t h a t  t h e  f r a c t u r e  t i p  h a d  c l o s e d  
when f l u i d  f l o w  i n  t h e  main f r a c t u r e  w a s  s t o p p e d .  S e v e r a l  a t t e m p t s  were  made t o  
r e i n i t i a t e  f l o w  i n t o  t h e  f r a c t u r e  by  p r e s s u r e  s u r g e s  ( R e g i o n  C )  a t  t h e  w e l l h e a d .  
These  s u r g e s  e v i d e n t l y  r e s u l t e d  i n  t h e  t i p  b e i n g  opened  and  c l o s e d  and  t h e  p o t e n t i a l  
i n c r e a s i n g  a n d  d e c r e a s i n g  d u r i n g  t h a t  t i m e .  

The p o t e n t i a l  change  c a u s e d  b y  t h i s  f r a c t u r e  t i p  phenomena when examined  
r a d i a l l y  a r o u n d  t h e  f r a c t u r e  w e l l  c o u l d  a l s o  g i v e  an i n d i c a t i o n  o f  t h e  f r a c t u r e  
o r i e n t a t i o n .  The p e r c e n t a g e  change  i n  p o t e n t i a l  f rom b e f o r e - t o - a f t e r  s c r e e n - o u t  
was a p p r o x i m a t e l y  4-1/2%. F i g u r e  8 shows t h e  n o r m a l i z e d  p e r c e n t a g e  change  f rom 
b e f o r e - t o - a f t e r  s c r e e n - o u t  p l o t t e d  r a d i a l l y  a r o u n d  t h e  f r a c t u r e  w e l l .  The asym- 
m e t r i c a l  change  a r o u n d  t h e  w e l l  i s  a l i t t l e  o v e r  kl%. I t  i s  n o t  c l e a r  w h e t h e r  t h i s  
change  i s  due t o  f r a c t u r e  geomet ry  c h a n g i n g  o r  a s  a r e s u l t  o f  t h e  e l e c t r i c a l  n o i s e .  
The l o s s  o f  d a t a  on t h e  r a d i a l  a t  z e r o  d e g r e e s  a l s o  c a u s e s  some u n c e r t a i n i t y .  I f  
t h e  change  t h a t  i s  s e e n  i s  a r e s u l t  o f  t h e  f r a c t u r e  o r i e n t a t i o n ,  t h e n  ma jo r  a x i s  
would a p p a r e n t l y  b e  t o w a r d s  t h e  w e s t  w i t h  t h e  minor  f r a c t u r e  a x i s  o r i e n t e d  t o  t h e  
e a s t .  

One method o f  e n h a n c i n g  t h e  s u r f a c e  p o t e n t i a l  d a t a  t h a t  h a s  p r o d u c e d  t h e  r e -  
s u l t s  p r e v i o u s l y  d i s c u s s e d  i n  t h e  W a t t e n b e r g  e x p e r i m e n t s  w a s  t o  h a v e  a n  open  h o l e  
c o m p l e t i o n  w i t h  a downhole c u r r e n t  p r o b e  i n  t h e  f r a c t u r e  w e l l .  T h i s  t e c h n i q u e  
a l l o w s  f o r  t h e  c u r r e n t  t o  b e  i n t r o d u c e d  d i r e c t l y  i n t o  t h e  f r a c  f l u i d  and  enhance  
t h e  c h a n g e s  s e e n  a t  t h e  s u r f a c e .  F u t u r e  e x p e r i m e n t s  i n  t h e  D e v o n i a n . s h a l e  s h o u l d  
p r o b a b l y  r e l y  upon t h i s  method f o r  enhancement  of  t h e  s u r f a c e  p o t e n t i a l  d a t a .  
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4 RESULTS FROM A MHF SURFACE ELECTRICAL POTENTIAL MAPPING EXPERIMENT EGS-26 

CONCLUSIONS 

The s u r f a c e  e l e c t r i c a l  p o t e n t i a l  t e c h n i q u e  d i d  show f r a c t u r e  g r o w t h  b e i n g  
c r e a t e d  a s  i t  i s  r e f l e c t e d  on t h e  s u r f a c e  b y  a r e d u c i n g  p o t e n t i a l .  However ,  t h e  
r e d u c i n g  p o t e n t i a l  d i d  n o t  show a n  a s y m m e t r i c a l  s h a p e  w h i c h  w o u l d  i n d i c a t e  f r a c t u r e  
o r i e n t a t i o n .  The s c r e e n - o u t  w h i c h  o c c u r r e d  a t  t h e  e n d  o f  t h e  f i r s t  day  o f  pumping  
c a u s e d  some r a t h e r  u n i q u e  p o t e n t i a l  c h a n g e s  a t  t h e  s u r f a c e  p r o b a b l y  c a u s e d  b y  t h e  
f r a c t u r e  t i p  c l o s i n g .  T h e s e  c h a n g e s ,  h o w e v e r ,  w e r e  n o t  a s y m m e t r i c a l  e n o u g h  t o  a l l o w  
t h e  f r a c t u r e  o r i e n t a t i o n  t o  b e  d e t e r m i n e d .  E v i d e n t l y  t h e  f r a c t u r e  l e n g t h  t o  d e p t h  
r a t i o  w a s  n o t  l a r g e  e n o u g h  f o r  t h e  f r a c t u r e  t o  a p p e a r  as  a h o r i z o n t a l  l i n e .  T h i s  
c o u l d  b e  c a u s e d  b y  t h e  f r a c t u r e  g r o w t h  e x t e n d i n g  v e r t i c a l l y  or downward a n d  c a u s i n g  
t h e  f r a c t u r e  t o  a p p e a r  more as  a s p h e r e  f r o m  t h e  s u r f a c e  t h a n  as  a l i n e  s o u r c e .  

REFERENCES 

1. 

2 .  

3. 

4 .  

5 .  

6 .  

7. 

D e v o n i a n  S h a l e  P r o d u c t i o n  a n d  P o t e n t i a l  P r o c e e d i n g s  o f  t h e  S e v e n t h  A p p a l a c h i a n  
P e t r o l e u m  G e o l o g y  Symposium, Morgantown,  West V i r g i n i a ,  March 1 - 4 ,  1 9 7 6 .  
P o w e r ,  D .  V . ,  S c h u s t e r ,  C .  L . ,  Hay,  R .  G . ,  a n d  Twombly, J . :  - " D e t e c t i o n  o f  
H y d r a u l i c  F r a c t u r e  O r i e n t a t i o n  a n d  D i m e n s i o n s  i n  C a s e d  W e l l s , "  SPE 5 6 2 6 ,  
p r e s e n t e d  a t  t h e  SPE 5 0 t h  A n n u a l  F a l l  M e e t i n g ,  D a l l a s ,  T e x a s ,  S e p t e m b e r  28- 
O c t o b e r  1, 1 9 7 5 .  
Keck ,  L .  J .  a n d  S e a v e y , ,  R .  W . :  " I n s t r u m e n t a t i o n  S y s t e m  f o r  M a s s i v e  H y d r a u l i c  
F r a c t u r e  M a p p i n g , "  SAND-77-0195, P r i n t e d  A p r i l  1 9 7 7 .  
B a r t e l ,  L .  C . ,  McCAnn, R .  P . ,  a n d  Keck,  L .  < J . :  "Use o f  P o t e n t i a l  G r a d i e n t s  i n  
M a s s i v e  H y d r a u l i c  F r a c t u r e  Mapping a n d  C h a r a c t e r i z a t i o n , "  SPE 6 0 9 0 ,  p r e s e n t e d  
a t  t h e  SPE 5 1 s t  A n n u a l  F a l l  M e e t i n g  i n  New O r l e a n s ,  L o u i s i a n a ,  O c t o b e r  4-6 ,  1 9 7 6  
B a r t e l ,  L .  C . :  "Model C a l c u l a t i o n s  o f  t h e  P o t e n t i a l  G r a d i e n t s  Used  i n  M a s s i v e  
H y d r a u l i c  F r a c t u r e  Mapping a n d  C h a r a c t e r i z a t i o n , "  p r e s e n t e d  a t  t h e  4 6 t h  A n n u a l  
I n t e r n a t i o n a l  M e e t i n g  of t h e  S o c i e t y  o f  E x p l o r a t i o n  G e o p h y s i c i s t s ,  H o u s t o n ,  
T e x a s ,  O c t o b e r  24-28 ,  1 9 7 6 .  
McCann, R .  P . ,  Hay,  R .  G . ,  a n d  B a r t e l ,  L .  C . :  " M a s s i v e  H y d r a u l i c  F r a c t u r e  
Mapping a n d  C h a r a c t e r i z a t i o n  P r o g r a m :  F i r s t  A n n u a l  R e p o r t  - A u g u s t  1 9 7 5  
t h r o u g h  J u l y  1 9 7 6 , "  SAND-77-0286, P r i n t e d  J u n e  1 9 7 7 .  
McCann, R .  P . ,  B a r t e l ,  L .  C . ,  a n d  K e c k ,  L .  * J . :  " M a s s i v e  H y d r a u l i c  F r a c t u r e  
Mapping a n d  C h a r a c t e r i z a t i o n  P r o g r a m  - S u r f a c e  P o t e n t i a l  Data for W a t t e n b e r g  
' 7 5 - ' 7 6  E x p e r i m e n t s , "  SAND-77-0396, P r i n t e d  A u g u s t  1 9 7 7 .  

/ INNER 

.\ ' \  
0 \ \  

' \  \ 0 0 0  

0 )  0 
x ,  

0 0 
0 0 

0 0 
/ 

0 

0 T R A C T ?  3 1 5 '  

0-0 - 
0 0-500 FT & 2 

0 0 
0 0 0  

0 0 0 

I N S T R U M E N T A T I O N  VAN 

F i g u r e  1. L a y o u t  f o r  S u r f a c e  P o t e n t i a l  I n s t r u m e n t a t i o n  

429 



EGS-26 

W 
0 z 
W 
@L 
LL 
w -0.14. 
k 
n 
I- z - 
n 

SCHIISTRR & KECK 
0" 
I 

FRACTURE LENGTH = 0.8 

5 

I 
1 8 0 9  

-4 /.e- L1 --w- I L2 

Figure 2. Schematic Layout for Model 

- -0. 12 
0 

> R = 0.2,  Rp = 0.6 1 - 

a 
c3 -0. 161 Fraction of Fracture in 90' Direction 

LL 

-0.184 . 1 1 
0 90 180 270 360 

ANGLE AROUND THE FRACTURE WELL I N  DEGREES 

Figure 3. Potential Changes f o r  Asymmetric Fractures 

430 



6 RESULTS FROM A MHF SURFACE ELECTRICAL POTENTIAL MAPPING EXPERIMENT EGS-26 

Sca le  1 i n c h  = 2000 feet 

F i g u r e  4 .  C o l u m b i a  M H F  E x p e r i m e n t  L a y o u t .  

431 



E G S - 2 6  SCHUSTER & KECK 7 

b 0  
I 1 1  1 1  I 1  I I  I I  

5 0  - - - 
r: v 
3 

! 1 0 -  
CI 

0 U 1 0 -  

- 
l o -  - - 

- - 
- 

~ a l o r  fracture - 

Minor Fracture 
Orlentation 

F i g u r e  5 .  P r o g r e s s i v e  G r o w t h  o f  F r a c t u r e  as  a F u n c t i o n  o f  D i r e c t i o n  
f o r  a W a t t e n b e r g  F r a c t u r e  

I 
N 

n 
I 
L 
L 
I 
V 
0 
L 
t 
S 

1400 1600 .- . c 3@ 

T I M E  OF DCIY IN HOURS 

F i g u r e  6 .  P o t e n t i a l  f o r  R a d i a l  A-3 o n  A u g u s t  3 

432 



8 RESULTS FROM A MHF SURFACE ELECTRICAL POTENTIAL MAPPING EXPERIMENT 

I 
+4 8 

0 

I- Region C 

2 -4% F 
I I 1 rn rn I I 1 I I 

1 5 1 0  1 5 2 0  1 5 3 0  1 5 4 0  1 5 5 0  
T i m e  of Day 

F i g u r e  7 .  P o t e n t i a l  C h a n g e s  D u r i n g  S c r e e n - O u t  

I 

--I--- 

% 
5% 1 ..e lE8 t B.? 25% 

Degrees 

EGS-26 

F i g u r e  8 .  P o t e n t i a l  C h a n g e  R e s u l t i n g  f r o m  S c r e e n - o u t  

4 3 3  



PALEOCURREMT SYSTEMS I N  SHALY BAS I MS : 
PRELI!lINARY RESULTS FOE APPALACHIAN BASIN (UPPER DEVOMI,'M) 

b y  

'2. C. K e p f e r l e l ,  Paul  Lundegard2, 
J.  B .  Maynard3, Paul  Edwin Pot te r ' ,  

W .  A .  Pryor',  N e i l  Samuels2, 
and F rede r i ck  J .  Schauf2 

ABSTRACT 

S tud ie s  of pa l eocur ren t  systems i n  s h a l y  b a s i n s  have been very  few; they can  b e  made (1) by 
examining t h e  p a l e o c u r r e n t  s t r u c t u r e s  of the s i l t s t o n e s ,  s ands tones ,  and ca rbona te  d e p o s i t s  t h a t  are 
minor c o n s t i t u e n t s  of  most sha ly  b a s i n s ;  ( 2 )  poss ib ly  by s tudy ing  s h a l e  f a b r i c s  as seen  by t h e  
Scanning E l e c t r o n  Microscope and o t h e r  methods; and ( 3 )  by mapping scalar v a r i a b l e s  such as the 
C13/C12 r a t i o  (marine ve r sus  terrestr ia l  carbon) w i t h i n  t h e  s h a l e  i t s e l f .  

methodology f o r  such s t u d i e s  has  been improved, w e  can i n  t u r n  expec t  improvements i n :  

r e l a t i n g  one a r g i l l a c e o u s  s u b f a c i e s  t o  ano the r ,  
r e l a t i n g  a r g i l l a c e o u s  mine ra l  a s s o c i a t i o n s  t o  ano the r ,  
exp la in ing  t e x t u r a l  g r a d i e n t s  w i t h i n  t h e  b a s i n ,  
l o c a t i n g  s h o r e l i n e s  and i n l e t s  and d e f i n i n g  o v e r a l l  b a s i n  shape and i t s  p a l e o c i r c u l a t i o n ,  
d e f i n i n g  environments of d e p o s i t i o n ,  and 
exp la in ing  p o s s i b l e  v a r i a t i o n  of t e r r e s t r i a l  t o  marine carbon (gas  ve r sus  o i l )  w i t h i n  
a b a s i n .  

A summer's f ie ldwork  s tudy ing  ou tc rops  and o r i e n t e d  c o r e s  of t h e  Upper Devonian s h a l e  sequence o f  
t h e  Appalachian b a s i n  i l l u s t r a t e s  many of t h e  above d iv idends  t h a t  r e s u l t  from p a l e o c u r r e n t  s t u d i e s  
of  sha ly  basins--one of  sed imento logy ' s  unexplo i ted  f i e l d s .  

INTRODUCTION 

Pa leocur ren t  maps have become common t o o l s  f o r  b a s i n  a n a l y s i s .  From t h e s e  maps one can  de termine  
t h e  probable  sou rce  of sediments and t h e  manner i n  which t h e  b a s i n  w a s  f i l l e d .  I n  combination w i t h  
s t r a t i g r a p h y ,  pe t ro logy  and pa leonto logy ,  a r easonab le  d e p o s i t i o n a l  model can b e  cons t ruc t ed  f o r  t h e  
bas in .  This model, i n  t u r n ,  can b e  used t o  h e l p  p r e d i c t  t h e  l o c a t i o n  and t r e n d  of t h e  d i f f e r e n t  
f a c i e s  w i t h i n  a b a s i n .  

Examples of p a l e o c u r r e n t  s t u d i e s  i n  s h a l y  b a s i n s  are few because  p a l e o c u r r e n t  markers i n  s h a l y  
b a s i n s  are both less abundant and more s u b t l e  than  i n  most t e r r i g e n o u s  and carbonate  b a s i n s .  
s h a l y  bas ins  commonly con ta in  s u f f i c i e n t  c o a r s e r  gra ined  s i l t s t o n e  and sands tone  i n t e r b e d s  and f o s s i l  
d e b r i s  t o  i n f e r  pa l eocur ren t  d i r e c t i o n s  f o r  t h e  more competent c u r r e n t s .  I n  a d d i t i o n ,  f a b r i c  s t u d i e s  
are needed t o  e v a l u a t e  t h e  pa l eocur ren t  s i g n i f i c a n c e  of o r i e n t e d  mine ra l  g r a i n s ,  nodules ,  m i c r o f o s s i l s ,  
and p l a n t  d e b r i s  such a s  t h e  d i s c - l i k e  m i c r o f o s s i l  Tasmanites,  and f i n e  carbonaceous sh reds .  

However, 

'U .  S.  Geologica l  Survey, C inc inna t i ,  Ohio 
2Graduate S tudent  , Unive r s i ty  of C i n c i n n a t i  
3Assoc ia te  P r o f e s s o r  of Geology, U n i v e r s i t y  of C inc inna t i  
'P rofessor  of Geology, Un ive r s i ty  of C i n c i n n a t i  
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2 PALEOCURRENT SYSTEMS I N  SHALY BASINS EGS-27 

PURPOSE AND 1,ETHOD 

This  paper desc r ibes  6ome of t h e  methods w e  used and t h e  problems w e  have m e t ,  p r e sen t s  some 
of t h e  r e s u l t s ,  and sugges t s  some conclusions.  This  i s  p a r t  of an  ongoing a n a l y s i s  of t h e  
depos i t i ona l  p a t t e r n s  i n  t h e  Devonian s h a l e  sequence i n  t h e  Appalachian bas in .  

In  a search of t h e  published l i t e r a t u r e  w e  found t h a t  paleocurrent  t r ends  i n  t h e  Appalachian 
bas in  have been combined with f a c i e s  ana lyses  f o r  p a r t  of t h e  S i l u r i a n  sequence (Yeakel, 1959, 
f i g .  58) and t h e  Lower Miss i s s ipp ian  sequence (de W i t t ,  1951; Pepper and o t h e r s ,  1954; P e l l e t i e r ,  
1958, f i g .  16 ) .  Devonian a l l u v i a l  pa l eocur ren t s  have been s tud ied  by McIver (1961, 1970) and 
Burtner (1963) i n  t h e  C a t s k i l l  f a c i e s .  Devonian pa leocur ren t s  from marine rocks have been 
published f o r  New York (Colton, 1967),  Pennsylvania (Nagle, 1967, f i g s .  5-7) and no r theas t e rn  
Tennessee and V i r g i n i a  (Jones and Dennison, 1970).  

Ser ious gaps i n  a v a i l a b l e  d a t a  are r e a d i l y  apparent .  A f i e l d  program t o  f i l l  t h e s e  gaps 
w a s  c a r r i e d  ou t  i n  t h e  summer of 1977. The main p a r t i c i p a n t s  of t h i s  p a r t  of t h e  program 
were N e i l  Samuels, Paul  Lundegard, and Fred Schauf. 

The o b j e c t i v e  of t h e  s tudy f o r  t h e  summer w a s  t o  map paleocurrent  i n d i c a t o r s  i n  Devonian 
outcrops of western New York, western Pennsylvania,  Ohio, e a s t e r n  Kentucky, no r theas t e rn  
Tennessee, and most of V i rg in i a  and West Vi rg in i a .  Samuels and Schauf covered t h e  northern p a r t  
of t h e  outcrop b e l t ;  Lundegard, t h e  sou theas t e rn  p a r t .  Normally, one t o  t h r e e  exposures pe r  
7-112 minute quadrangle were sampled along t h e  outcrop b e l t .  
i n d i c a t o r s  were f i v e  co res  a v a i l a b l e  a t  t h e  Morgantown Energy Research Center.  
cores  from w e l l s  d r i l l e d  i n  Carrol  and Washington Counties,  Ohio; Martin County, Kentucky; 
Wise County, V i rg in i a ;  and Lincoln County, West Vi rg in i a .  

Also inspected f o r  paleocurrent  
These included 

In  t h e  f i e l d ,  w e  descr ibed t h e  outcrop, emphasizing t h e  l i t h o l o g i e s  p re sen t ,  t h e i r  sequence, 
and t h e  pa l eocur ren t s  of each, and t r a n s f e r r e d  each day 's  work t o  a s tandard form. 
outcrop,  t h e  c h e c k l i s t  of ques t ions  included: 

A t  each 

(1) How many paleocurrent  i n d i c a t o r s  are p resen t?  
(2)  How do they c o r r e l a t e  with one another?  

( 3 )  How do t h e  d i f f e r e n t  s t r u c t u r e s  c o r r e l a t e  with d i f f e r e n t  
l i t h o l o g i e s ,  f o s s i l  and/or  concret ions? 

( 4 )  What c o n t r o l s  f o s s i l  o r i e n t a t i o n s ?  

(5)  Can w e  recognize t h e  s t r a t i g r a p h i c  u n i t  of previous workers? 

I n  t h e  o f f i c e  t h e  r e s u l t s  were p l o t t e d  on t h e  AMS one- by two-degree s h e e t s  ( s c a l e  1:250,000). 
S t a t i s t i c a l  t reatment  and grouping of da t a  followed t h e  procedure o u t l i n e d  by P o t t e r  and 
P e t t i j o h n  (1963, Ch. l o ) .  

RESULTS 

I n  s p i t e  of t h e  v a r i e t y  of pa l eocur ren t  i n d i c a t o r s  p r e s e n t ,  t h e  most common and most r e l i a b l e  
are s o l e  marks on t h e  bottom of s i l t s t o n e  and sandstone beds found wi th in  t h e  s h a l e  sequence. 
The most commonly used of t hese  s o l e  marks are f l u t e s  and grooves. 
t o  t h e  c u r r e n t  t h a t  formed them, whereas grooves g ive  merely a l i n e  of movement. 

F l u t e s  g ive  a v e c t o r a l  s ense  

The d a t a  gathered i n  t h e  course of reconnaissance,  s t r a t i g r a p h i c  and areal mapping s t u d i e s  by 
a l l  p a r t i c i p a n t s  are summarized i n  f i g u r e s  1 through 4 .  Deta i l ed  maps ( f i g s .  1, 2, and 3) show t h e  
general  uniformity of t h e  pa l eocur ren t  system both a t  t h e  no r the rn  s i d e  of t h e  b a s i n  i n  New York, 
Pennsylvania,  and Ohio ( f i g s .  1 and 2) and along i t s  southern s i d e  i n  Vi rg in i a ,  West Vi rg in i a  ( f i g .  
3) and no r theas t e rn  Tennessee. These r e s u l t s  harmonize w e l l  wi th  t h e  earlier s tudy by McIver (1961, 
1970) of t h e  very sandy Upper Devonian i n  Pennsylvania,  Maryland and south-central  New York. Here, 
and where w e  s tud ied  t h e  pa l eocur ren t s  i n  western New York, Pennsylvania and no r the rn  Ohio, as w e l l  
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as i n  West Vi rg in i a ,  V i rg in i a  and Tennessee ( f i g .  4 ) ,  t h e  pa l eocur ren t s  are o r i e n t e d  normal and "down- 
dip" t o  Upper Devonian isopachs shown b y d e W i t t  and o t h e r s  (1975). 
gene ra l ly  i n  accord with t h e  d a t a  w e  have c o l l e c t e d  from t h e  o r i e n t e d  co res ,  although much more work 
needs t o  be done on t h e  cores .  

Our outcrop s t u d i e s  are a l s o  

SIGNIFICANCE 

The Upper Devonian rocks,  based on t h e  s t u d i e s  of McIver and our  own, w e r e  deposi ted by a very 
uniform system of pa l eocur ren t s  when viewed basin-wide. The flow from east t o  w e s t  i s  uniform f o r  a l l  
t h e  sandy and s i l t y  f a c i e s  o f  t h e  Upper Devonian. The c u r r e n t s  are ind ica t ed  by crossbedding i n  f a r  
e a s t e r n  Pennsylvania and New York and by solemarks i n  t u r b i d i t e s  d i s t a l  t o  t h e  w e s t ,  w e l l  i n t o  West 
Vi rg in i a  and Ohio. Because t h e  d i s t a l  t u r b i d i t e s  are interbedded with t h e  b l ack  (gas producing) and 
gray s h a l e  o f  t h e  Upper Devonian sequence, t h e s e  s h a l e s  most probably had a s imi la r  p a t t e r n  of w e s t -  
t rending pa leocur ren t s .  
who measured f o s s i l  o r i e n t a t i o n  i n  t h e  Chattanooga Shale i n  no r theas t e rn  Tennessee. 

Evidence support ing t h i s  i n fe rence  is  provided by Jones and Dennison (19701, 

Addit ional  s t u d i e s  of pa l eocur ren t s  from o r i e n t e d  co res ,  combined wi th  c a r e f u l  facies mapping of 
t h e  i n t e r n a l  s t r a t i g r a p h i c  u n i t s  of t h e  Upper Devonian i n  western Pennsylvania,  e a s t e r n  Ohio, West 
Vi rg in i a  and e a s t e r n  Kentucky should h e l p  us b e t t e r  p r e d i c t  and understand gas-producing t r ends  i n  
t h e  Upper Devonian, e s p e c i a l l y  i f  t hese  t r ends  are r e l a t e d  t o  primary depos i t i on  r a t h e r  than la ter  
f r a c t u r i n g .  
bu t ion  of both marine and terrestrial  carbon i n  t h e  s h a l e .  

The p resen t  pa l eocur ren t  s t u d i e s  should a l s o  b e  most h e l p f u l  i n  understanding t h e  d i s t r i -  

For t h e  f u t u r e  w e  p l an  t o :  

(1) b e t t e r  relate t h e  f o s s i l  and c l ay  mineral  f a b r i c s  of t h e  s h a l e s  t o  t h e  pa l eocur ren t s  

(2) s tudy  t h e  pa l eocur ren t  system of t h e  "pure shale ' '  f a c i e s  where i t  is th inne r  and more 
of t h e i r  interbedded s i l t s t o n e s  and sandstones,  and 

d i s t a l  i n  c e n t r a l  Ohio and along t h e  outcrop i n  p a r t s  of Kentucky and Tennessee. 

NOMENCLATURE 

Fabric  -- The s p a t i a l  arrangement of t h e  c o n s t i t u e n t s  ( g r a i n s ,  f o s s i l s ,  c l ay  minerals ,  e t c . )  
of a rock. 

Lingula -- A small marine b iva lve  wi th  a smooth phosphat ic  s h e l l ,  l o c a l l y  common i n  t h e  Devonian 
sha le .  

P a l e o c i r c u l a t i o n  -- 
Paleocurrent  -- A c u r r e n t  d i r e c t i o n  recognized i n  a n c i e n t  rocks from sedimentary s t r u c t u r e s ,  f o s s i l  

The i n f e r r e d  c i r c u l a t i o n  system of an  a n c i e n t  sedimentary bas in .  

o r i e n t a t i o n ,  o r  f a b r i c .  

Sedimentology -- The s tudy of t h e  o r i g i n  and economic p o t e n t i a l  of sediments,  modern and anc ien t .  

Tasmanit es -- The gene r i c  name given r e s inous ,  very s m a l l ,  semispherical  spore- l ike organic  remains, 
u sua l ly  f l a t t e n e d  t o  d i s c s  less than 1 mm i n  diameter ,  l o c a l l y  abundant i n  Devonian 
s h a l e .  
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Figure 1.--Map showing vec to r  means by county of Devonian paleocurrent  d a t a ,  
western New York. Arrow i n d i c a t e s  vec to r  mean c a l c u l a t e d  f o r  
number of readings ind ica t ed  by c i r c l e d  number. 
f i f t y - n i n e  observat ions.  

Two hundred 
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N 
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Figure  2.--Map showing v e c t o r  means, by county,  of Devonian pa leocur ren t  d a t a ,  n o r t h e a s t  Ohio and 
E r i e  County, Pennsylvania.  Arrow i n d i c a t e s  v e c t o r  mean, c a l c u l a t e d  on number of 
readings  i n d i c a t e d  by c i r c l e d  number. One hundred twenty-eight obse rva t ions .  
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Figure 3.--Map showing vec to r  means by county of Devonian paleocurrent  da t a ,  western 
Vi rg in i a  and ad jacen t  West Vi rg in i a .  
f o r  number of readings ind ica t ed  by c i r c l e d  number. 
obse rva t ions .  

Arrow i n d i c a t e s  vec to r  mean ca l cu la t ed  
Four hundred eighty- three 
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F igure  4.--Map of Appalachian Basin showing Upper ( s t i p p l e d )  and Middle Devonian outcrop  b e l t  and 
Large s o l i d  arrows summarize d a t a  shown on f i g u r e s  summary of Devonian pa leocur ren t s .  

1, 2 and 3 ;  open arrows summarize d a t a  from McIver (1970) ;  s l e n d e r  arrows show paleo- 
c u r r e n t  d a t a  i n  sou the rn  V i r g i n i a .  

4 4  1 
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ABSTRACT 

F i n i t e  element model formula t ions  f o r  t h e  s imula t ion  of stress t r a j e c t o r i e s  a c r o s s  t h e  
Appalachian P la t eau  Province i n  West Vi rg in i a  are given. 
r e - o r i e n t a t i o n  of t h e  East-West p r i n c i p a l  stress p a t t e r n  over t h e  Rome Trough r eg ion  are reviewed. 
I n  a d d i t i o n ,  numerical  r e s u l t s  d e l i n e a t i n g  t h e  e f f e c t  of sub - s t ruc tu re  p r o p e r t i e s  on s u r f a c e  
stresses and f i e l d  stresses f o r  t h e  "bu t t r e s s "  and " s l i p "  model formula t ions  are presented .  
F i n a l l y ,  t h e  a p p l i c a b i l i t y  of t h e  r e s u l t s  t o  t h e  i d e n t i f i c a t i o n  of n a t u r a l  Devonian s h a l e  f r a c t u r e  
zones and p r e f e r e n t i a l  zones f o r  induced f r a c t u r i n g  is d i scussed .  

P e r t i n e n t  mechanisms r e spons ib l e  f o r  

INTRODUCTION 

Extens ive  r e s e a r c h  and development e f f o r t s  are c u r r e n t l y  be ing  devoted t o  s t i m u l a t e  t h e  pro- 
duc t ion  of n a t u r a l  gas from Devonian and M i s s i s s i p i a n  Shales  i n  t h e  Appalachian, I l l i n o i s ,  and 
Michigan b a s i n s  [ l ] .  A s  a n  i n t e g r a l  p a r t  of t h i s  e f f o r t ,  t h e  Morgantown Energy Research Center 
is  conducting t h e  Eas t e rn  Gas Shales  P r o j e c t .  The program elements of t h i s  p r o j e c t  i nc lude  
( i )  n a t u r a l  gas  r e source  and r ecove rab le  r e s e r v e  c h a r a c t e r i z a t i o n  and eva lua t ion ,  ( i i )  development 
of improved recovery  technology, and ( i i i )  promotion of expanded commercial p roduct ion .  Seve ra l  
p e r t i n e n t  papers  d e a l i n g  w i t h  t h e s e  elements were presented  a t  t h e  Seventh Appalachian Petroleum 
Geology Symposium [ 2 ] .  

S ince  gas  product ion  can be c o r r e l a t e d  wi th  t h e  e x t e n t  and frequency of f r a c t u r e  systems, t h e  
de te rmina t ion  of r e g i o n a l  i n  s i t u  stresses is  impera t ive .  The magnitudes of t h e s e  stresses s e r v e  
as fundamental d i a g n o s t i c  i n d i c a t o r s  of n a t u r a l  f r a c t u r e  zones and p r e f e r e n t i a l  zones f o r  hydrau l i c  
o r  exp los ive  f r a c t u r i n g .  I n  t h i s  paper ,  t h e  mechanism(s) r e s p o n s i b l e  f o r  r e - o r i e n t a t i o n  of t h e  
East-West p r i n c i p a l  stress p a t t e r n  and stress magnitudes over t h e  Rome Trough r eg ion  are in-  
v e s t i g a t e d  by u s e  of t h e  f i n i t e  element method. 

MODEL FORMULATIONS 

The pos tu l a t ed  t r a j e c t o r y  d i r e c t i o n s  f o r  t h e  maximum s u r f a c e  i n  s i t u  stress, from bore  h o l e  
The d i r e c t i o n  of s t r a i n  gage measurements and hydrau l i c  f r a c t u r i n g ,  are r evea led  i n  F igure  1 [ 3 ] .  

t h e  maximum p r i n c i p a l  stress, i n  t h e  b e l t  of t h e  Rome Trough, i s  found t o  be p a r a l l e l  t o  t h e  b e l t  
d i r e c t i o n .  Th i s  phenomenon, t h e r e f o r e ,  appears  t o  be  r e l a t e d  t o  t h e  basement f a u l t i n g  which formed 
t h e  Rome Trough and t h e  basement-cover i n t e r a c t i o n .  The basement depth  map of West V i r g i n i a  pro- 
vided by Kulander and Dean [4]  i s  i l l u s t r a t e d  i n  F igu re  2a w i t h  t h e  Rome Trough r eg ion  presumably 
forming a b e l t  i n  t h e  N40E d i r e c t i o n  a c r o s s  t h e  Western Cen t ra l  r eg ion  of West Vi rg in i a .  A cor -  
responding schematic of t h e  basement f a u l t s  and detached s t r u c t u r e  is  shown i n  F igu re  2b [ 5 ] .  
p l ane  s t r a i n  f i n i t e  element models are formulated based on t h e s e  cons ide ra t ions .  Model I, shown 
i n  F igure  3a,  s imula t e s  a gene ra l i zed  basement-cover system wi th  one major s t e p .  The cover material 
is  assumed t o  be homogeneous and i s o t r o p i c  f o r  t h i s  model. F igu re  3b i l l u s t r a t e s  Model I1 which 

Two 
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conforms t o  t h e  a c t u a l  s t r a t i g r a p h i c  d e t a i l  of t h e  formation and f a u l t  system 
c r o s s  s e c t i o n  of t h i s  model corresponds t o  Sec t ion  AA i n  F igu re  2a. F igu re  4 
s t r a t i g r a p h i c  d i s t r i b u t i o n  and material p r o p e r t i e s  [6] f o r  Model 11. 

The normal displacement a t  t h e  basement-cover i n t e r f a c e  is assumed t o  be 
t i o n a l  loading is taken t o  act v e r t i c a l l y  a t  each j o i n t  of t h e  f i n i t e  element 
h o r i z o n t a l  stress s p e c i f i e d  on t h e  s e l e c t e d  v e r t i c a l  boundaries of t h e  models 
t e c t o n i c  stress and t h e  Poisson e f f e c t  u = u vI(1-v).  HORIZONTAL OB 

EGS-28 
(Figure 2b). The 
r e v e a l s  t h e  selected 

zero.  The g rav i t a -  
s t r u c t u r e .  The normal 
inc ludes  t h e  i n  s i t u  

Two fundamental t ypes  of boundary cond i t ions ,  based on t h e  assumed stress r e - o r i e n t a t i o n  mech- 
anism, are chosen t o  i n v e s t i g a t e  t h e  stress responses f o r  Models I and 11. The f i r s t  b a s i c  boundary 
cond i t ion  r e p r e s e n t a t i o n  is r e f e r r e d  t o  as t h e  "bu t t r e s s "  model formulat ion (Case A) wi th  t h e  
s p e c i f i e d  h o r i z o n t a l  stress being r e s i s t e d ,  t o  a l a r g e  e x t e n t ,  by t h e  s t e p ( s ) .  Figures  5a and 5b 
i l l u s t r a t e  t h i s  case and boundary cond i t ions  f o r  Models I A  and I I A  r e s p e c t i v e l y .  The second d i s -  
t i n c t  boundary cond i t ion  r e p r e s e n t a t i o n  i s  designated as t h e  " s l ip"  formulat ion (Case B) s i n c e  a 
s p e c i f i e d  v e r t i c a l  displacement is p resc r ibed  a t  t h e  dominant basement f a u l t  region.  The r e s u l t i n g  
stress r e - d i s t r i b u t i o n  forms a b a s i s  f o r  t h e  mechanism governing r e - o r i e n t a t i o n  of t h e  stresses. 
The s l i p  model formulat ions Models I B  and I I B  are i l l u s t r a t e d  i n  f i g u r e s  6a and 6b r e s p e c t i v e l y .  

MODEL SIMULATIONS, RESULTS, AND DISCUSSION 

The NASTRAN computer program [ 7 ]  i s  employed f o r  t h e  stress response computations. Since both 
models I and I1 are subjected t o  in-plane loading,  membrane elements (CQDMEM) are used wi th  t o t a l  
degrees  of freedom of 462 and 1978 r e s p e c t i v e l y .  
r i g h t  hand of t h e  v e r t i c a l  boundary, i s  taken a r b i t r a r i l y  t o  be 1000 p s i  (6.9 MPa) (Figures  5 and 6).  
The v e r t i c a l  s l i p  magnitude f o r  Models I B  and I I B  is s e l e c t e d  t o  be 100 f t .  (30.48m) and 10 f t  
(30.48m) r e spec t ive ly .  The choice of t h e  lower s l i p  v a l u e  f o r  Model I I B  i s  d i c t a t e d  by t h e  un- 
real is t ic  r e s u l t  t r e n d s  obtained f o r  t h i s  case when t h e  va lue  of 100 f t  (30.48m) is used. The f o l -  
lowing r e s u l t s  and d i s c u s s i o n  are based on t h e  i s o t r o p i c  (Model I )  and layered (Model 11) f i n i t e  
element model s imula t ions  f o r  t h e  b u t t r e s s  (case A) and s l i p  (case B) mechanis t ic  formulat ions.  
P a r t i c u l a r  a t t e n t i o n  is devoted toward c h a r a c t e r i z i n g  t h e  h o r i z o n t a l  stress va lues  a t  t h e  s u r f a c e  
and stress concen t r a t ions  and/or r e l i e f s  r e s u l t i n g  from t h e  f a u l t  zones. 
magnitude can be converted t o  p s i  by mul t ip ly ing  t h e  v a l u e s b y  6944. 

The in - s i tu  t e c t o n i c  stress, s p e c i f i e d  on t h e  

The stress contour 

MODEL I 

F igures  7a and 7b r e v e a l  t h e  simulated maximum h o r i z o n t a l  stress contours  f o r  Models IA and I B .  
The gene ra l  stress d i s t r i b u t i o n  t r end  f o r  t h e  two cases i s  def ined i n  terms of t h e  s i g n i f i c a n t l y  in-  
f luenced regimes i n  Figure 8. Zone A, at  t h e  s u r f a c e  ( r i g h t  of t h e  f a u l t ) ,  is  subjected t o  a high 
compressive stress. A low t e n s i l e  stress is developed i n  Zone B and Zone C is t e c t o n i c a l l y  r e l axed .  
The h o r i z o n t a l  stress f i e l d  on t h e  top l a y e r  computed f o r  bo th  t h e  cases r e v e a l s  t h a t  i t s  d i r e c t i o n  
changes from N50°W on t h e  r i g h t  hand s i d e  of t h e  s t e p  t o  N40°E on t h e  l e f t  hand s i d e .  Zones D and E 
are under t h e  in f luence  of moderately high compressive stresses due t o  t h e  f a u l t  d i s c o n t i n u i t y .  
Vertical stresses a t  d i f f e r e n t  l o c a t i o n s  are g e n e r a l l y  d i s t r i b u t e d  as a l i n e a r  func t ion  of t h e  depth 
except a t  Zones D and E i n  which low and high v e r t i c a l  stresses r e s p e c t i v e l y  are computed. The 
magnitude of t h e  h o r i z o n t a l  stresses a t  t h e  base  of t h e  s t e p  f o r  Models I A  and I B  d i f f e r  by a f a c t o r  
of t h r e e .  I n  Zone H, however, both models y i e l d  t h e  same magnitude of stresses. A t e n s i l e  zone i s  
evident  i n  r eg ion  G f o r  Model I B  only.  

Model I1 

Regional h o r i z o n t a l  stress magnitudes ( i n  t h e  element I . D .  r eg ion  501 t o  2901)* f o r  Models IIA 
and I I B  are cha rac t e r i zed  i n  Figures  9 and 1 0  r e s p e c t i v e l y .  
r eg ions  removed from t h e  f a u l t  zone) f o r  t h e  h o r i z o n t a l  f o r c e  components due t o  t h e  t e c t o n i c  a c t i o n  
and overburden Poisson e f f e c t  are p ropor t iona l  t o  t h e  l a y e r  Young's Modulus and uoB v/( l -v)  respec- 
t i v e l y .  Q u a l i t a t i v e  t r e n d s  similar t o  those  obtained i n  Model I are revealed.  Zones A and B i n  
Figure 11 are subjected t o  high h o r i z o n t a l  stresses and r eg ion  C developes a t e n s i l e  stress f o r  both 
cases. 
r i g h t  of t h e  f a u l t s  has a high h o r i z o n t a l  compressive magnitude f o r  Case A. 
t hese  stresses are r e l a t i v e l y  increased a t  t h e  top  of r eg ion  E and r e l i e v e d  near  t h e  basement. 

A s  expected, t h e  numerical v a l u e s  ( i n  

I n  a d d i t i o n ,  Zone D a l s o  man i fe s t s  a t e n s i l e  r eg ion  f o r  t h e  s l i p  Model I I B .  Zone E t o  t h e  
For Case B y  however, 

The 

*The I . D .  r eg ion  r e f e r s  t o  the  co-ordinate system i n  Figure 3b. 
correspond t o  t h e  v e r t i c a l  co-ordinate  and t h e  f i r s t  d i g i t ( s )  corresponds t o  the  h o r i z o n t a l  CO- 

o rd ina te .  

For example, t h e  last  two d i g i t s  
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p o r t i o n  t o  t h e  l e f t  of t h e  maximum s l i p  po in t  appa ren t ly  acts as a can t i l eve red  beam 
stresses inc reas ing  a t  t h e  top and en la rg ing  t h e  t e n s i l e  zone. 

w i th  t e n s i l e  

The maximum h o r i z o n t a l  stress d i r e c t i o n s  a t  t h e  s u r f a c e  change by 90' a t  t h e  basement f a u l t  1 
i n  Model IIA and basement f a u l t  2 i n  Model I I B .  

CONCLUSIONS AND RECOMMENDATION 

The r e s u l t s  of t h e  f i n i t e  element model s imula t ions  f o r  Models I and I1 i l l u s t r a t e  t h e  pro- 
nounced e f f e c t s  of t h e  b u t t r e s s  and s l i p  mechanisms i n  a l t e r i n g  t h e  s u r f a c e  stress magnitudes and 
f i e l d  stress t r a j e c t o r i e s .  
stress, r e s u l t i n g  from t h e  t e n s i l e  zones and relaxed stress states, is  demonstrated €or  a l l  t h e  
s e l e c t e d  models i n  t h e  r eg ion  West of t h e  Rome Trough. 
be app l i ed  t o  exp lo ra t ion  areas such as t h e  C o t t a g e v i l l e  s i t e  ( ly ing  West of t h e  major f a u l t )  and 
t h r u s t  f a u l t  development si tes such as t h e  Burning Spring a n t i c l i n e  where a wedge shaped l u b r i c a t e d  
sal t  zone i s  p resen t .  

The r e - o r i e n t a t i o n  of t h e  maximum s u r f a c e  i n  s i t u  h o r i z o n t a l  compressive 

These r e s u l t s  and concepts can t h e r e f o r e  

The stress magnitudes f o r  t h e  l i t h o - s t r a t i g r a p h i c  Model I I B  are s e n s i t i v e  i n  terms of t h e  pre- 
s c r ibed  v e r t i c a l  s l i p .  A s l i p  magnitude of 1 0  f t  (3 .048  m), f o r  t h e  Model I1 geometry and f a u l t  
dimension, appears  t o  be real is t ic .  Computation of t h e  r e l a t i v e  stress c o n t r i b u t o r s  r e s u l t i n g  from 
t h e  b u t t r e s s  and s l i p  mechanisms and d e l i n e a t i o n  of t h e  governing mechanism(s) r e q u i r e s  a d d i t i o n a l  
geo log ica l  f i e l d  d a t a  and model s imulat ions.  

The stress responses  computed he re ,  when coupled wi th  f i e l d  d a t a ,  s e r v e  as prel iminary i d e n t i -  
fy ing  high d e n s i t y  n a t u r a l  f r a c t u r e  zones and/or zones f o r  induced f r a c t u r i n g .  
t e n s i l e  zones may be conducive t o  explosive f r a c t u r i n g  techniques.  
a s  a t o o l  f o r  computing i n  s i t u  stress magnitudes and o r i e n t a t i o n s  f o r  v a r i o u s  geologic  systems and 
induced f r a c t u r e s  (cor ing,  massive hydraul ic  f r a c t u r i n g )  appears  promising. These a n a l y t i c a l  i n -  
v e s t i g a t i o n s  are c u r r e n t l y  i n  progress  a t  West V i r g i n i a  Universi ty .  
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Figure 1. Postulated Stress Trajectories for 
the Central Appalachian Region [ 3 ] .  

Figure 2a. Basement depth map of West 
Virginia [ 4 ] .  

ROME r m n  

Figure 2b. Schematic of 
Rome Trough 
tectonics [ 5 ]  
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Figure 3b. Finite element model (Model 11) simulating 
detached structure across Rome Trough in 
West Virginia. 

*% 
Figure 3a. Finite element model (Model I) 

for Single basement faulting 
analysis. 

u - 0  
U” - 0 Y 

Figure 5a. Boundary conditions, loading configuration 
and material properties for Model IA. 

Figure 5b. Boundary conditions and loading configura- 
tion selected for Model IIA. 

Figure 4 .  Generalized chart illustrating 
stratigraphic and material pro- 
ties near Parkersburgh, WV. 

E - 2.5  x 10‘ p s i  

v - 0.2 

ux + 0 u - 0  
u 

Y 1 

Figure 6a. Boundary conditions, loading configuration 
and material properties for Model IB. 
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Figure 6b. Boundary conditiors and loading con- 
figuration for.Mode1 IIB. 

Figure 7a. Horizontal stress contours for Model IA. 

I 71.1. . Figure 8. Sketch of significantly in- 
fluenced stress distribution 
regions for Model I. 

Figure 7b. Horizontal stress contours for Model IB. 

Figure 9b. Horizontal stress contours for ModelIIA. 
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SEISMIC MODELLING OF COMPLEXLY DEFORMED 
FOLD-AND-THRUST-BELT ROCKS, CENTRAL APPALACHIANS* 

1 WILLIAM J ,  P ~ R R Y ,  JR, 
GERALD SMITH:! 
MYUNG W ,  LEE 

1 
U . S .  G e o l o g i c a l  S u r v e y ,  R e s t o n ,  V i r g i n i a  

2 U .  S .  G e o l o g i c a l  S u r v e y ,  D e n v e r ,  C o l o r a d o  

ABSTRACT 

BY MEANS OF NORMAL RAY-PATH SEISMIC MODELLING TECHNIQUES, BALANCED GEOLOGIC CROSS SECTIONS OF COM- 
PLEXLY DEFORMED ROCKS MAY BE CORRELATED WITH SEISMIC-RECORD SECTIONS WITHIN THE SAME AREA. THESE 
TECHNIQUES PROVIDE A BETTER RESOLUTION OF COMPLEX SUBSURFACE STRUCTURE WHERE LARGE-SCALE LITHOTEC- 
TONIC UNITS ARE DEFINED AND WHERE THEIR INTERVAL VELOCITIES ARE KNOWN OR CAN BE APPROXIMATED. A 
SIMPLIFIED FOUR-LAYER STRUCTURAL MODEL I N  THE CENTRAL APPALACHIANS INVOLVES (1) MIDDLE AND UPPER 
DEVONIAN SHALES AND SILTSTONES (LITHOTECTONIC UNIT 1, INTERVAL VELOCITY 15,000 FT/SEC) ,  ( 2 )  MIDDLE 
ORDOVICIAN THROUGH LOWER DEVONIAN CLASTIC AND CARBONATE ROCKS (CONBINED LITHOTECTONIC UNITS 2 ,  3, 
4 ,  AND 5 ,  INTERVAL VELOCITY 1 7 , 0 0 0  FT/SEC) ,  (3) CAMBRIAN AND ORDOVICAIN CARBONATE ROCKS, CHIEFLY 
DOLOSTONE (LITHOTECTONIC UNIT 6 ,  INTERVAL VELOCITY 22,000 FT/SEC) ,  AND ( 4 )  BASAL CLASTIC ROCKS 
(LITHOTECTONIC UNITS 7 AND 8,  ESTIMATED INTERVAL VELOCITY 18,500 FT/SEC) .  VELOCITY CONTROL TO A 
DEPTH OF 13,903 F T  I S  PROVIDED BY THE NEARBY RAY SPONAUGLE WELL. 
TAIN MAJOR DECOLLEMENTS. NORMAL RAYPATH ANALYSIS OF THE CHIEFLY FOLDED UPPER LAYERS ABOVE TECTONIC- 
ALLY STACKED SLABS OF THE HIGH-VELOCITY LITHOTECTONIC UNIT 6 PROVIDE A QUANTITATIVE MODEL OF ACTUAL 
RAY PATHS THROUGH THE HIGHLY DEFORMED, YET POTENTIALLY GAS-BEARING ROCKS. NORMAL RAY-THEORY SOLU- 
TIONS OF GEOLOGIC CROSS SECTIONAL MODELS SHOW THAT COMPLEX RAY PATHS ARE OBTAINED FROM THE STRUCTURAL 
GEOMETRY OF UNITS HAVING HIGH VELOCITY AND DENSITY CONTRAST. THE GEOLOGIC CROSS SECTIONAL MODELS 
ARE CONSTRAINED (1) BY GOOD SURFACE AND SPARSE WELL CONTROL, ( 2 )  BY THE SIMPLIFYING ASSUMPTION THAT 
STRAIN TRAJECTORIES WERE PARALLEL TO THE PLANE OF SECTION, (3) BY THE IMPERATIVE OF MASS BALANCE 
DURING DEFORMATION, AND ( 4 )  BY MODELLED SUBSURFACE GEOMETRY CONSISTENT W I T H  KNOWN STRUCTURAL BE- 
HAVIOR OF THE VARIOUS LITHOTECTONIC UNITS AND QUALITATIVELY CONSISTENT WITH THE SEISMIC DATA. 

LITHOTECTONIC UNITS 5 AND 7 CON- 

THE TRUE POSITION OF SEISMIC REFLECTORS, WHERE NORMAL RAY-PATHS ARE COMPLEX, WILL NOT BE RESOLVED 
BY MIGRATION DURING NORMAL SEISMIC PROCESSING OF RECORD SECTIONS FROM FOLD AND T R U S T  BELTS. 
MODELLING AIDS I N  AN EVALUATION OR REJECTION OF PROSPECTIVE "CLOSURES" BENEATH DECOLLEMENT STEP-UPS 
(RAMPS) AND APPARENT FAULTS AND OTHER DEEP-SEATED STRUCTURES THAT MAY BE GENERATED BY COMPLEX, RE- 
FRACTED RAY PATHS THROUGH VERTICAL TO OVERTURNED HIGH-VELOCITY LITHOTECTONIC UNITS OVER NEARLY FLAT 
BASEMENT. THE SPATIAL CONFIGURATION AND MAGNITUDE OF PROBABLE STRUCTURAL TRAPS CAN BE MORE REALIS- 
TICALLY EVALUATED BY INTERGRATING GEOLOGICAL AND SEISMIC MODELLING TECHNIQUES. 

SEISMIC 

*Paper not  a v a i l a b l e  a t  t ime o f  pub1 i c a t i o n  
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REG I ONAL SEI SM I C INVEST I GAT I ONS I N EASTERN -TENNESSEE 

Edward R. Teglsnd 
Lloyd Johnson 

GEOPHYSICAL SERVICES INC. 

ABSTRACT 

During February and March of 1977 two reg iona l  seismic l i n e s  were c o l l e c t e d  f o r  Tennessee 
S ta te  Department o f  Conservation under a grant  f rom ERDA. The purpose o f  these l i n e s  was t o  
evaluate the  sedimentary-sect ion n Eastern Tennessee i n  general and, i n  p a r t i c u l a r ,  t o  establ  
t he  reg ional  ex ten t  o f  t he  Mississippian-Devonian shales i n  t h a t  area. 

sh 

I n  add i t i on  t o  conventional r e f l e c t i o n  seismic c o n t r o l  c o l l e c t e d  w i t h  the Vibroseis* technique 
along State Highway 32 and State Highway 70, t h ree  r e f r a c t i o n  s tud ies were made f o r  shallow v e l o c i t y  
con t ro l .  
o lde r  carbonate outcrop sect ion.  

t raversed by the  l i n e s  and was t i e d  i n t o  the  p r o f i l e s .  

Two o f  these r e f r a c t i o n  s tud ies were l oca ted  on s t r i k e  on a shale outcrop and one on an 

Surface geologic con t ro l  was provided by the  s t a t e  g e o l o g i s t ' s  o f f i c e  fo r  a l l  quadrangles 

The data has been worked i n t o  p r o f i l e  and reg iona l  map form. 

INTRODUCTION 

I n  February, 1977 a seismic program cons is t i ng  of two reg iona l  m u l t i f o l d  Vibroseis* l i n e s  and 
th ree  shal low r e f r a c t i o n  p r o f i l e s  was c o l l e c t e d  f o r  t he  Department o f  Conservation o f  t he  S ta te  of 
Tennessee. The purpose o f  t h i s  program was t o  promote an improved understanding o f  t he  geology of 
Eastern Tennessee i n  general and t o  improve the  knowledge o f  t he  occurrence o f  t he  Devonian- 
Miss iss ipp ian shales i n  p a r t i c u l a r .  

FIELD PROGRAM 

Figure 1 shows t h e  f i e l d  program and how i t  r e l a t e s  t o  ava i l ab le  surface geologic informat ion.  
Table 1 provides p e r t i n e n t  in format ion concerning the  geologic quadrangles t raversed by t h e  l i n e s .  

The nor thern segment o f  l i n e  TC-1 was f i l l e d  i n  from the  town o f  Tazewell t o  the Kentucky 
border by a segment o f  e x i s t i n g  data ( K - 1  south) purchased from Geophysical Service Inc. and r e -  
processed t o  be consis tent  w i t h  TC-1. 
record ing system. 

This l i n e  segment was c o l l e c t e d  using a 24 channel DFS I11 

*Trademark of Cont inental  O i l  Company 
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The group i n t e r v a l  and source i n t e r v a l  were 330 f e e t  (100 meters) y i e l d i n g  a "nominal" 12 f o l d  
CDP stack w i t h  a subsurface i n t e r v a l  o f  165 f e e t  (50 meters). 
con f i gu ra t i on  employed i n  c o l l e c t i n g  K-1. 

case the  inst rumentat ion was 48 channel DFS I V  system w i t h  CFS-1 f i e l d  computer. 
was 220 f e e t  (70 meters) and t h e  shot i n t e r v a l  was 440 f e e t  (140 meters) y i e l d i n g  a 110 feet (35 
meter) subsurface spacing w i t h  a nominal 12 f o l d  CDP coverage. 

dens i t y  bu t  provides a greater  range o f  shot - to-detector  o f f s e t s  w i t h  which t o  work i n  measuring 
v e l o c i t i e s .  
because they prov ide an added s e t  o f  near o f f s e t  t races which improve t h e  shal low data coverage i n  
s e l e c t i v e  stacking. 

Figure 2A shows the  " s p l i t  spread" 

F igure 28 shows the  "assymetr ic s p l i t  spread" used i n  c o l l e c t i n g  l i n e s  TC-1 and TC-2. I n  t h i s  
The group i n t e r v a l  

The assymetr ic arrangement used i n  t h e  new work n o t  on l y  y i e l d s  a greater  subsurface t race  

The s p l i t  spread con f igu ra t i ons  are p a r t i c u l a r l y  valuable i n  deal ing w i t h  crooked l i n e s  

Figure 3A shows t h e  source p a t t e r n  used i n  c o l l e c t i n g  the  data and i t s  wavenumber response. 
Figure 3B shows the  geophone a r ray  used i n  c o l l e c t i n g  the  data and i t s  wavenumber response. 
Figure 3C shows the  combined wavenumber response o f  t h e  source and rece ive r  systems used. 

and t h e  frequency/wavenumber p l o t s  o f  no ise and r e f r a c t i o n  a r r i v a l s  as est imated from t h e  th ree  
r e f r a c t i o n  p r o f i l e s  ( f i g u r e s  5A-5C). 
when t h e  l i n e  i s  p e r f e c t l y  s t r a i g h t .  
less.  
s ince l i t t l e  evidence of i t  can be found on t h e  product ion r e f l e c t i o n  data. 

Also shown on f i g u r e  3C are t h e  frequency l i m i t s  o f  t h e  data as imposed by the  14-56 Hz. sweep 

The a t tenua t ion  i nd i ca ted  f o r  these events i s  on l y  r e a l i z e d  
General ly speaking, t he  observed a t tenua t ion  w i l l  be somewhat 

The surface noise e x h i b i t e d  by t h e  r e f r a c t i o n  spreads appears t o  have been at tenuated we l l  

REFRACTION STUDIES 

Figure 4 shows t h e  f i e l d  l ayou t  used t o  gather the  r e f r a c t i o n  data. A s i n g l e  v i b r a t o r  t ak ing  
The geophones f o r  each 10 sweeps which were sumned and c o r r e l a t e d  provided the  source o f  s igna l .  

group were bunched t o  maximize output  and minimize a t tenua t ion  o f  h o r i z o n t a l l y  t r a v e l i n g  energy. 
These r e f r a c t i o n  s tud ies were c o l l e c t e d  f o r  two purposes: 

1. 
2. To evaluate t h e  surface noise condi t ions.  

To est imate t h e  v e l o c i t y  and thickness ( i f  poss ib le)  o f  t he  near surface. 

The data recorded f o r  these s tud ies i s  shown i n  f i g u r e s  5A, 5B and 5C. 
o f  t h e  s tud ies was presented e a r l i e r .  

I n i t i a l  est imates o f  v e l o c i t y  t rends were made by f i t t i n g  s t r a i g h t  l i n e s  t o  c o r r e l a t i v e  event 
pa t te rns  on t h e  sect ions themselves. 
sca le "wiggle t race"  records and p l o t t e d  i n  t ime-distance format as shown i n  f i g u r e s  6A, 6B and 6C. 
L ine segments were then f i t t e d  w i t h  care t o  each observable v e l o c i t y  u n i t .  
wave i n  t h e  most near surface u n i t  was genera l l y  n o t  e a s i l y  p icked due t o  o the r  surface propagation 
modes created by t h e  v ib ra to rs .  The v e l o c i t y  o f  t h i s  u n i t  was est imated i n  a l l  cases by evaluat ion 
o f  secondary events a t  t h e  l a r g e r  offsets. These secondary a r r i v a l s  were ext rapolated back t o  zero 
o f f s e t .  

A review of t h e  noise aspect 

Then events o f  i n t e r e s t  were accurate ly  timed us ing l a r g e  

The d i r e c t  v e l o c i t y  

Thickness o f  t h e  shal lowest u n i t  was est imated from t h e  c r i t i c a l  d is tance equat ion below: 
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Where: Zo = 

xc = 

v =  0 
v =  1 
vo < 

thickness o f  l a y e r  0 
d is tance a t  which v e l o c i t y  t rends 0 and 1 i n t e r s e c t .  
i .e. ,  c r i t i c a l  d is tance 
v e l o c i t y  of upper u n i t  
v e l  o c i  ty  o f  1 ower u n i t  

"1 

Table 2 l i s t s  the  p e r t i n e n t  data from t h e  th ree  studies.  Studies 2 and 3 were designed t o  
The r e s u l t s  confirmed t h e  f e e l i n g  t h a t  v e l o c i t y  would f a l l  

Since the  study was located on an 

evaluate t h e  t a r g e t  shale sect ions.  
near 14,000 feet  per second i n  t h e  shale. 
t h e  h igh  v e l o c i t y  sec t i on  expected there.  
carbonate sect ion w i t h  v e l o c i t y  c lose t o  t h a t  o f  t h e  shales. 
Eggleston-Hardy Creek outcrop area, i t  i s  poss ib le  t h a t  t h e  shal low exposure was arg i l laceous.  
H a r r i s  (1965) i nd i ca tes  up t o  60 f e e t  o f  B e n t i n i t e  near the  top  o f  t he  Eggleston sect ion.  A l l  
r e f r a c t i o n  s tud ies were s i t e d  t o  e l i m i n a t e  s t r u c t u r a l  and d i p  e f fec ts ;  however, t h e  assymetric 
v e l o c i t y  p i c t u r e  of study no. 1 ind i ca tes  d i p  and poss ib le  f a u l t i n g .  
o f  t h e  f i e l d  s i t e s  i s  unavai lab le.  
t h i n  and o f  moderate v e l o c i t y .  
r e f l e c t i o n  data lead t o  u t i l i z a t i o n  o f  a 10,000 fps (3049 m/s) v e l o c i t y  f o r  c a l c u l a t i n g  datum correc- 
t i o n s  t o  remove weathering and e leva t i on  e f f e c t s .  

Study 1 looked a t  an o l d e r  carbonate outcrop and v e r i f i e d  
An in termediate v e l o c i t y  zone was found t o  e x i s t  i n  t h e  

L. 0. 

Accurate geologic d e s c r i p t i o n  
I n  a l l  cases the lowest v e l o c i t y  "weathered" ma te r ia l  was r a t h e r  

This  i n fo rma t ion  coupled w i t h  independent t e s t s  conducted on t h e  

SEISMIC DATA PROCESSING 

The processing used f o r  handl ing t h e  r e f l e c t i o n  data i s  o u t l i n e d  below: 

F i e l d  Processing 

1. D i v e r s i t y  v e r t i c a l  stack - 15 sweeps per  pa t te rn .  
2. Vibroseis* c o r r e l a t i o n  and d isp lay.  

O f f  i ce Process i n g 

3.  

4. 

5. 
6. 
7. 
8. 

9. 
10. 

11. 
12. 

a. Preprocess coordinate data and generate subsurface coverage map b r i n t e r  map) 
f i g u r e  7. 

b. Reformat f i e l d  data. 
a. I n i t i a l i z e  CDP gather s p e c i f i c a t i o n  tab les  f o r  X-Y  s e l e c t i v e  gathers according 

t o  speci f ied "s tack t rack " ,  f i g u r e  7. 
b. Trace cond i t i on ing  

1) gain recovery 
2)  deconvolut ion 
3) t r a c e  e d i t  

Normal moveout w i t h  " b a l l  park" v e l o c i t y .  
Brute stack,  f i l t e r  and d isp lay.  
Evaluate data and choose events f o r  res idua l  s t a t i c  est imat ion.  
a. Residual s t a t i c  ca l cu la t i on .  
b. Ve loc i t y  ana lys i s  a t  s u i t a b l e  l oca t i ons .  Disp lay r e s u l t s .  
I n t e r p r e t  v e l o c i t y  and evaluate s t a t i c  run. 
Submit new v e l o c i t y  data f o r  f i n a l  moveout, s t a t i c  co r rec t i on ,  CDP stack,  f i l t e r  
and d isp lay.  
Fine tune v e l o c i t y  con t ro l  and depth convert  sect ions.  
I n t e r p r e t  p r o f i l e s  i n  l i g h t  o f  known and estimated geology. 
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TRACE GATHERING FOR CDP STACK 

Whenever t h e  path o f  t he  seismic l i n e  i s  no t  s t r a i g h t ,  one no longer has comon depth p o i n t  
stack. 
t r e a t  these s i t u a t i o n s  was presented by Tegland (1974). 

t h e  t h e o r e t i c a l  r e f l e c t i o n  p o i n t  o f  each p a i r  i s  ca lcu lated.  
t he  d i s t r i b u t i o n  o f  subsurface coverage def ined by a l l  r e f l e c t i o n  po in ts  f o r  a l i n e .  
X are used t o  i n d i c a t e  redundancy ( f o l d )  1 t h r u  24. 

The na tu re  of t he  subsurface s c a t t e r  t o  be expected and a processing method t o  more p roper l y  

F i r s t ,  t he  coordinates o f  a l l  shots and receivers are preprocessed and 
A p r i n t e r  map i s  then prepared showing 

Symbols A t h r u  

Two steps are employed. 

Figure 7 i s  a segment o f  such a map from L ine 
TC-1. 

The second operat ion c m e n c e s  w i t h  an i n t e r p r e t a t i o n  o f  where the  stack l i n e  should fo l l ow  
through t h e  a v a i l a b l e  coverage and how l a r g e  a window e i t h e r  s ide  o f  t h e  l i n e  should be used i n  
accept ing t races i n t o  the  stack. 
Figure 7 shows t h e  t r a c k  o f  t h e  stack l i n e .  
c r i t e r i a :  

A 220 f o o t  window was used i n  processing the  cu r ren t  data. 
Generally, an attempt i s  made t o  f u l f i l l  t h ree  

1. Maximum f o l d .  
2. 
3. 

Complete of fset  range w i t h  preference t o  shor t  o f f s e t s .  
Minimum number of d i r e c t i o n  changes. 

The r e f l e c t i o n  p o i n t  coordinates o f  each c o n t r i b u t o r  are averaged t o  y i e l d  a f i n a l  p o s i t i o n  fo r  t h a t  
stacked t race.  
stacked t r a c e  i s  given an i d e n t i f y i n g  number which i s  posted p e r i o d i c a l l y  on t h e  base map. 

These pos i t i ons  have been p l o t t e d  t o  prov ide base map c o n t r o l  f o r  t he  l i n e .  Each 

DATUM CORRECTIONS 

One has several  approaches a v a i l a b l e  f o r  apply ing datum correct ions.  I n  t h i s  case s ince t h e  
e x i s t i n g  topography was o f t e n  r e l a t e d  t o  geologic s t r u c t u r e  d i r e c t l y ,  a f l o a t i n g  datum was chosen 
which was genera l l y  a wnaothed vers ion o f  t h e  minimum e leva t i ons  along t h e  l i n e s .  
should then r e f l e c t  l a r g e l y  a s t r i p p i n g  o f  t he  lower v e l o c i t y  ma te r ia l .  
co r rec t i ona l  v e l o c i t y  of 10,000 fps (3048 m/s) was used as per equation 2. 

Datum co r rec t i ons  
As i nd i ca ted  e a r l i e r ,  a 

TC = 

TC = 
D E =  
DS = 

D€ - DS 
10 , 000 

co r rec t i on  t ime i n  sec. 
datum e leva t i on  i n  f e e t  
surface e leva t i on  i n  f e e t  

Since datum was genera l l y  a t  or below t h e  surface, these co r rec t i ons  were genera l l y  zero or negative. 
i .e . ,  represent ing removal o f  excess time. 

I n  an experimental mode, t e s t s  us ing co r rec t i ona l  v e l o c i t i e s  from 8000 fps (2438 m/s) t o  16,000 
fps (4876 m/s) i n  f i v e  even increments were made. 
these co r rec t i ona l  v e l o c i t i e s .  

Only marginal d i f f e rences  could be seen between 

Subsequently res idua l  s t a t i c s  are ca lcu lated au tomat i ca l l y  t o  improve the  stack response w i t h i n  
each t r a c e  c o l l e c t i o n .  The deeper event sequences associated w i t h  the  Cambrian c l a s t i c  sect ion and 
the  pre-Cambrian were chosen f o r  scanning by the computer i n  fo rmu la t i ng  these res idua l  correct ions.  
The automated co r rec t i ons  are ca l cu la ted  i n  a surface cons is ten t  manner. 
surface l o c a t i o n  i s  occupied by a rece ive r  the  r e s u l t i n g  t r a c e  has a r e c e i v e r  c o r r e c t i o n  appl ied f o r  
t h a t  l oca t i on .  
co r rec t i on  f o r  t h a t  l oca t i on .  

Each t ime a p a r t i c u l a r  

S i m i l a r l y ,  each t r a c e  from a p a r t i c u l a r  source l o c a t i o n  i s  corrected w i t h  a unique 

453 



EGS-30 TEGLAND & JOHNSON 5 

VELOCITY ANALYSIS 

Since t h e  CDP t r a c e  c o l l e c t i o n s  r e s u l t i n g  from t h e  crooked l i n e  s e l e c t i v e  ga the r  c o n t a i n  gen- 
e r a l l y  v a r i a b l e  f o l d  and o f f s e t  ranges, one must be s e l e c t i v e  and choose which have h i g h  f o l d  and 
a good range o f  o f f s e t s  from longes t  t o  s h o r t e s t  w i t h  a few, i f  any, miss ing .  Using t h e  " b r u t e  
s tacks"  as a guide l o c a t i o n s  were a l s o  chosen based on t h e  q u a l i t y  o f  t h e  data.  Since r e s i d u a l  
s t a t i c  c o r r e c t i o n  no rma l l y  preceeded v e l o c i t y  a n a l y s i s  , one shou ld  expect t h a t  even b e t t e r  d a t a  
would be presented t o  t h e  ana lys i s .  

uses a s e r i e s  o f  user -de f ined " t r i a l "  v e l o c i t i e s  t o  fo rm stacked o u t p u t  over severa l  CDP se ts .  
r e s u l t s  a r e  d i sp layed  as a panel  ( l e f t  h a l f  o f  f i g u r e  8) f o r  v i s u a l  i n t e r p r e t a t i o n .  
method u t i l i z e s  a combinat ion of  moveout scans and d i p  scans over t h e  same t r a c e  c o l l e c t i o n s  f o l l o w e d  
by automat ic p i c k i n g  o f  t h e  r e s u l t s .  

Time, ampl i tude, v e l o c i t y  and d i p  parameters o f  each de tec ted  event a re  p l o t t e d  as shown i n  t h e  
r i g h t  h a l f  o f  f i g u r e  8. 
feas ib le  t i m e - v e l o c i t y  f u n c t i o n  f o r  t h a t  l o c a t i o n .  
t o  a r r i v e  a t  t h e  v e l o c i t y  which maximizes t h e  response o f  t h e  stacked ou tpu t  f o r  those events deemed 
des i rab le .  i .e .  , pr imary  r e f l e c t i o n s .  Th is  v e l o c i t y  i s  g e n e r a l l y  r e f e r r e d  t o  as V o r  s t a c k i n g  
v e l o c i t y .  I n  s imp ly  l aye red  s i t u a t i o n s  i t  can be r e l a t e d  t o  RMS v e l o c i t y  as descr i8ed by D ix  (1955) 
by equat ion  3. 

The form o f  a n a l y s i s  used employs two types  o f  c a l c u l a t i o n s  and d i sp lays .  The f i r s t  method 
The 

The second 

The i n t e r p r e t e r ' s  j o b  then i s  t o  marry t h e  i n f o r m a t i o n  i n t o  a g e o l o g i c a l l y  
The p r imary  concern a t  da ta  p rocess ing  t ime  i s  

'RMS = ( V S )  (cos 0) (Eq. 3 )  

where 0 = d i p  angle 

One can then c a l c u l a t e  t h e  i n t e r v a l  v e l o c i t y  f o r  a g iven subsurface u n i t  bounded i n  t ime by 
T and T accord ing  t o  equat ion  4. 
1 I t e r a t u e e .  

Th is  r e l a t i o n s h i p  i s  r e f e r r e d  t o  as D i x ' s  equat ion  i n  t h e  

2 
T2 V ~ ~ ~ 2  - Ti 'RMS 

T2 - T1 
" I =  ( 

As d i p s  become d i ve rgen t  and t h e  geology more compl icated, equat ions 3 and 4 become poorer  
es t ima t ions .  

An average v e l o c i t y ,  i .e . ,  one t h a t  r e l a t e s  v e r t i c a l  t ime  t o  depth, can be c a l c u l a t e d  by i n t e -  
g r a t i n g  t h e  i n t e r v a l s  determined from equat ion  4. Th is  r e s u l t  i s  g iven  by equat ion  5. 

where DTi = t i m e  i n t e r v a l  across a g iven l a y e r  
V I i  = i n t e r v a l  v e l o c i t y  th rough t h a t  l a y e r  

The average v e l o c i t y  ts i n d i c a t e d  i n  equat ion  5 i s  used t o  depth conver t  t h e  seismic t races  
such t h a t  t h e  f i n a l  d i s p l a y  p r o f i l e s  have a l i n e a r  v e r t i c a l  depth scale.  
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6 REGIONAL SEISMIC INVESTIGATIONS IN EASTERN TENNESSEE EGS-30 

INTERPRETATION 

The i n t e r p r e t a t i o n  of t h e  r e f l e c t i o n  da ta  b a s i c a l l y  con ta ins  two tasks :  

1. Determine t h e  s t r u c t u r a l  p r o f i l e .  
2. I d e n t i f y  geo log i c  u n i t s .  

To a s s i s t  i n  these tasks  t h e  sur face  geology was t r a n s f e r r e d  from t h e  var ious  quadrangles i n -  
vo lved t o  t h e  CDP map. 
con tac ts  and o t h e r  fea tu res .  
au thorsh ip ,  exac t  boundary t i e s  were a smal l  problem and nomenclature changes were even a l a r g e r  
problem. 

boundaries i n  t h e i r  p roper  sur face  l o c a t i o n  along t h e  reco rd  sec t i on .  
c l o s e l y  w i t h  t h e  sur face  topography i n  t h i s  case because o f  t h e  f l o a t i n g  datum used. 

P e r t i n e n t  subsurface c ross  sec t i ons  accompanying t h e  va r ious  geo log ic  maps a re  also i d e n t i f i e d  
f o r  reference on t h e  se ismic -geo log ic  index maps. I n  
a d d i t i o n ,  a d e s c r i p t i o n  of L. S. Bales w e l l  i n  western V i r g i n i a ,  approx imate ly  four  m i l e s  (6.7 km) 
northwest o f  t h e  s t a r t  o f  L i n e  TC-2, was a v a i l a b l e .  According t o  H a r r i s  (1967) t h e  w e l l  i s  l oca ted  
a t  V i r g i n i a  coord ina tes  140,075 N and 575,900 E which would p lace  i t  i n  t h e  NW e x t r e m i t y  of  t h e  
Kyles Ford quadrangle. P r o j e c t i o n s  o f  t h e  geo log ic  s e c t i o n  i n  t h i s  w e l l  were made us ing  a sca led  
up ve rs ion  o f  H a r r i s '  p l a t e .  

con tac ts  i d e n t i f i e d  g e o l o g i c a l l y  and s t r u c t u r a l  shape o u t l i n e d  where r e l i a b l e  v e l o c i t y  and o t h e r  
suppor t i ng  i n fo rma t ion  i s  a v a i l a b l e  i t  w i l l  be annotated. P r o j e c t i o n s  o f  f a u l t  p lanes and geo log ic  
con tac ts  which a re  n o t  marked by no tab le  r e f l e c t i o n s  w i l l  be made where p o s s i b l e  u s i n g  combined 
surface d ips ,  se ismic  d i p s  and es t imated th icknesses  

Th is  was accomplished by s imp ly  o v e r l a y i n g  t h e  documents and manual ly t r a c i n g  
Since t h e  var ious  source documents were o f  d i f f e r e n t  v in tage  and 

F igu re  9 shows one o f  t h e  se ismic -geo log ic  index maps de r i ved  i n  t h i s  fash ion .  

With t h e  se ismic -geo log ic  map t o  work f rom t h e  i n t e r p r e t e r  can e a s i l y  p o s i t i o n  s i g n i f i c a n t  
Zero depth corresponds 

Table 1 summarizes t h e  a v a i l a b l e  knowledge. 

The i n t e r p r e t e d  r e s u l t s  a re  expected t o  be t h e  depth converted sec t i ons  w i t h  v i s i b l e  r e f l e c t i o n  

CLOSING REMARKS 

A t  t h e  t ime  o f  t h i s  w r i t i n g ,  i n t e r p r e t a t i o n  had n o t  been completed on t h i s  data.  The d e t a i l s  
o f  t h e  i n t e r p r e t a t i o n  w i l l  be shown where p o s s i b l e  i n  t h e  o r a l  p resen ta t i on  and w i l l  be a v a i l a b l e  
l a t e r  t h i s  yea r  f rom t h e  Tennessee Department o f  Conservat ion,  D i v i s i o n  o f  Geology i n  Nashv i l l e ,  
Tennessee. 

The au thor  wishes t o  express h i s  g r a t i t u d e  t o  M r .  S t a t l e r  and M r .  M i l l i c i  f o r  p r o v i d i n g  
i n c e n t i v e  f o r  t h e  p r o j e c t  and t h e  complete su r face  geology coverage prov ided.  
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AVONDALE 

BEAN STATION 
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KYLES FORD 
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LAKE 
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K - 1  

K - l  
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TC-1 

TC-1 

TC-1 

TC-1 

TC-2 

TC-2 

TC-2 

TC-2 

TC-2 

TC-2 

TC-2 

TC-2 

AUTHORS 

K. J. ENGLAND 

L. D. HARRIS 

L. D. HARRIS 

L. 0. HARRIS  
R. B. M IXON 

R. C. M l L L l C l  

R. C. M l L L l C l  

R. L. ODER 
R. C. M l L L l C l  
G. 0. SWINGLE 

R. C. M l L L l C l  

R. C. M l L L l C l  

R. C. M l L L l C l  
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AGENCY 
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U. S. G. S. 

U. S. G. 5. 

U. S. G. S. 

TENN. DEPT. 
CONSERVATION 

TENN. DEPT. 
CONSERVATION 

TENN. DEPT. 
CONSERVATION 

TENN. DEPT. 
CONSERVATION 

TENN. DEPT. 
CON SE RVATl ON 

TENN. DEPT. 
CONSERVATION 

TENN. DEPT. 
CONSERVATION 

TENN. DEPT. 
CONSERVATION 

TENN. DEPT. 
CONSERVATION 

TENN. DEPT. 
CONSERVATION 

TENN. DEPT. 
CONSERVATION 

STATUS - YEAR 

COMPLETE 
#GQ-301 1964 

COMPLETE 
dGQ-435 1%5 

COMPLETE 
WGQ-465 1%5 

COMPLETE 1970 
IGQ-842 

WORK NO 
M A P  DATE 

SKETCH ON 
TO PO M A P  

COMPLETE 1%5 
GM 163-NE 
MRS 163-NE 

WORK M A P  PLUS 
GEOLOGIC WRITE 
UP 

SKETCH ON 
TOPO M A P  

SKETCH ON 
TOPO M A P  

SKETCH ON 
TOPO M A P  

SKETCH ON TOPO 
PLUS WORK M A P  
STRATEGIC MIN.  
INVEST. 

WORK MAP 

SKETCH ON 
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TOPO M A P  

SUPPLEME 
GEOL. COL. + 
ECON. GEOL. 

YES 

YES 

YES 

YES 

GEOL. COL. 

NO 

YES. RESOURCES 
SUMMARY 

YES 

GENERAL1 ZED 
SECTION 

NO 

ROUGH 

YES 

NO 
IREFER TO BAILY  
TOWN M A P I  

ROUGH 

ROUGH 

rl 
PROFILE: - 

YES 

YES 

YES 

YES 

NO 

NO 

YES 

NO 

NO 

NO 

NO 

NO 

NO 

NO 

NO 
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INTERRELATIONSHIPS OF PHOTOLINEAMENTS, GEOLOGICAL 
STRUCTURES, AND FRACTURE PRODUCT I ON OF NATURAL 

GAS I N  THE APPALACHIAN PLATEAU OF WEST V I R G I N I A  

Eberhard Werner , Department of Geology and Geography, 
West V i r g i n i a  U n i v e r s i t y ,  Morgantown, WV 26506 

ABSTRACT 

Na tu ra l  g a s  product ion  from t h e  Devonian b l a c k  s h a l e s  of t h e  Appalachian Basin i s  mainly from 
f r a c t u r e  pe rmeab i l i t y .  Wells which i n t e r s e c t  many n a t u r a l  o r  induced f r a c t u r e s  are expected t o  b e  
b e t t e r  producers  t han  w e l l s  i n t e r s e c t i n g  few o r  no f r a c t u r e s .  Watural f r a c t u r e  zones o f t e n  appear  
as photolineaments on v a r i o u s  t y p e s  of remote sens ing  imagery. 
been demonstrated t o  b e  l o c i  of improved product ion  of hydrocarbons.  Photolineaments are a l s o  o f t e n  
r e l a t e d  t o  s u r f a c e  and subsu r face  f r a c t u r e s  and stress f i e l d s .  The v a r i o u s  r e l a t i o n s h i p s  of a l l  
t h e s e  f e a t u r e s  i n  t h e  Devonian s h a l e  gas  product ion  areas of wes tern  West V i r g i n i a  were i n v e s t i g a t e d  
du r ing  t h i s  p r o j e c t .  Photolineaments were mapped from s a t e l l i t e  and a i r c r a f t  imagery; s u r f a c e  
f r a c t u r e s  were measured a t  ou tc rops ;  subsu r face  f r a c t u r e s  were measured on c o r e s ;  and n a t u r a l  g a s  
i n i t i a l  open f low d a t a  were ob ta ined  from d r i l l e r ' s  l o g s .  F r a c t u r e s  were found t o  re la te  t o  t h e  
primary d i r e c t i o n s  of nearby photolineaments;  however, t h e r e  was c o n s i d e r a b l e  s c a t t e r  i n  t h i s  d a t a .  
Wells of h igh  i n i t i a l  open f lows  are u s u a l l y  found between r a t h e r  t h a n  on o r  nea r  photolineaments.  

I n  some areas, photolineaments have 

INTRODUCTION 

A s i g n i f i c a n t  f r a c t i o n  of a l l  hydrocarbon p roduc t ion  i s  from w e l l s  which e i t h e r  have i n t e r s e c t e d  
n a t u r a l  f r a c t u r e s  o r  which have had f r a c t u r e s  a r t i f i c i a l l y  produced i n  them. 
from fo rma t ions  which, a l though  " t igh t " ,  have cons ide rab le  hydrocarbons t rapped  i n  i n t e r g r a n u l a r  
p o r o s i t y .  
gas ,  can on ly  be  produced economically from f r a c t u r e s .  The Middle and Upper Devonian b l ack  s h a l e s  
of t h e  Appalachian Basin which u n d e r l i e  t h e  P la t eau  and e a s t e r n  Con t inen ta l  phys iographic  provinces  
a r e  e x c e l l e n t  examples of t h e  f r a c t u r e d  hydrocarbon r e s e r v o i r .  It has  been e s t ima ted  that as much 
as 460  q u a d r i l l i o n  cubic  f e e t  of gas  - p o t e n t i a l l y  200 t o  300 y e a r s  supply - may b e  i n  t h e s e  s h a l e s ;  
of t h i s ,  about 285 t r i l l i o n  cubic  f e e t  could be e x t r a c t e d  under expec tab le  cond i t ions  of technology 
and economics [l]. Since  most of t h e  w e l l s  a r e  p r e s e n t l y  on ly  marg ina l ly  p r o f i t a b l e ,  any e x p l o r a t i o n  
technique  which dec reases  t h e  r a t i o  of low- t o  high-producing w e l l s  would i n c r e a s e  t h e  u l t i m a t e  
recovery .  

Such product ion  comes 

These format ions  have such low i n t e r g r a n u l a r  pe rmeab i l i t y  t h a t  hydrocarbons,  even n a t u r a l  

The a i m  of t h e  p re sen t  p r o j e c t  i s  t o  u l t i m a t e l y  deve lop  a technique  f o r  p lanning  w e l l s  which 
u s e s  low-cost remote sens ing  methods. Mapping of f r a c t u r e s  and u s e  of such maps i n  p lanning  w e l l  
f i e l d s  has  been a r o u t i n e  procedure i n  many areas. 
photos ,  s a t e l l i t e  imagery, and any o t h e r  t y p e  of imagery a v a i l a b l e .  Photolineaments are cont inuous  
l i n e a r  o r  c u r v i l i n e a r  f e a t u r e s  o r  a l ignments  of d i s c r e t e  f e a t u r e s  which can  b e  d e t e c t e d  on ae r i a l  
photographs o r  o t h e r  imagery [ Z ] .  Such procedures  have been found t o  b e  of s i g n i f i c a n t  a i d  i n  some 
a r i d  t e r r a i n s  such a s  those  of no r the rn  Af r i ca  o r  southwes tern  Asia.  I n  t h e  United States ,  photo- 
l ineament mapping has  been s u c c e s s f u l l y  used as an  e x p l o r a t i o n  t o o l  by Columbia Gas i n  t h e i r  Haysi 
F i e l d  i n  wes tern  V i r g i n i a  and s o u t h e a s t e r n  Kentucky. 
t h e  r a t h e r  t i g h t  Berea s i l t s t o n e s ,  t hose  w e l l s  d r i l l e d  on o r  near  photolineaments produced a t  about  

Normally photolineaments are mapped from air  

Here i t  was found t h a t  f o r  w e l l s  producing from 

4 7 4  
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t w i c e  t h e  ra te  of t h e  o t h e r  w e l l s  [3]. 
procedures i n  f r a c t u r e d  r e s e r v o i r s  i s  not  r e s t r i c t e d  s p e c i f i c a l l y  t o  s i t i n g  of w e l l s .  
sh ip  has  been demonstrated among t h e  o r i e n t a t i o n  p a t t e r n s  of photolineaments,  s u r f a c e  f r a c t u r e s  , 
subsurface f r a c t u r e s ,  and r eg iona l  stress f i e l d s  [ 4 ] .  Thus, even i f  s p e c i f i c  s i t i n g  cannot b e  done, 
t h e  techniques can s t i l l  be used f o r  p red ic t ing  induced f r a c t u r e  o r i e n t a t i o n s  i n  va r ious  s t i m u l a t i o n  
procedures.  

PHOTOLINEAMENTS, GEOLOGICAL STRUCTURES, AND FRACTURE PRODUCTION I N  THE APPALACHIAN PLATEAU 

T h e  p o t e n t i a l  u se fu lness  of t h e  photolineament mapping 
A r e l a t i o n -  

METHOD OF STUDY 

Regional photolineaments were mapped from sa te l l i t e  imagery a t  s c a l e s  of 1:1,000,000 
and 1:5,000,000. Local p a t t e r n s  were mapped a t  v a r i o u s  scales, but  most commonly a t  1:250,000 ( t h e  
standard scale of t h e  Eastern Gas Shales  P r o j e c t ) .  
outcrops i n  s e l e c t e d  areas; o r i e n t a t i o n  p a t t e r n s  were p l o t t e d ;  and p re fe r r ed  o r i e n t a t i o n  d i r e c t i o n s  
determined. Subsurface d a t a  are scarce, and only t h a t  d a t a  der ived from a core i n  Jackson County, 
West Vi rg in i a ,  w a s  used i n  t h i s  s tudy  (published i n  [ 5 ] ,  p. 16-17). I n i t i a l  open flow f i g u r e s  were 
obtained from d r i l l e r ' s  l o g s  on f i l e  w i th  t h e  West V i r g i n i a  Geological and Economic Survey. 

Surface f r a c t u r e s  ( j o i n t s )  were measured on 

The area chosen f o r  t h i s  s tudy c o n s i s t s  of po r t ions  of West Vi rg in i a  and e a s t e r n  Kentucky w i t h  
small ad jacen t  po r t ions  of V i r g i n i a  and Ohio also included ( f i g u r e  1). The reasons f o r  choosing 
t h i s  area have been o u t l i n e d  previously [ 6 ] .  B r i e f l y ,  t h i s  area i s  of i n t e r e s t  f o r  two ch ie f  
reasons:  i t  i s  geo log ica l ly  o r  t opograph ica l ly  d i f f e r e n t  from o t h e r  areas where remote sensing 
methods have been app l i ed  i n  t h e  p a s t ;  and i t  i s  unde r l a in  by t h e  Devonian gas  s h a l e s .  Two areas 
of West Vi rg in i a  were chosen f o r  d e t a i l e d  study: 1) t h e  Jackson-Mason County area, which con ta ins  
t h e  C o t t a g e v i l l e  (Mount Al to )  Gas F i e l d  and has been t h e  scene of i n t e n s i v e  i n v e s t i g a t i o n s  by 
personnel of t h e  Morgantown Energy Research Center of ERDA and o t h e r s ;  2)  Wayne County, which has  
passing through it several major photolineaments a s soc ia t ed  with t h e  38 th  Parallel  Lineament and 
a l s o  has a v a i l a b l e  a cons ide rab le  amount of i n i t i a l  open flow d a t a  f o r  Devonian s h a l e  gas  w e l l s .  

RESULTS AND CURRENT STATUS 

This  i s  t h e  t h i r d  and f i n a l  year  of t h i s  p r o j e c t .  A f u l l  d i s c u s s i o n  of t h i s  p r o j e c t  w i l l  b e  
a v a i l a b l e  i n  t h e  f i n a l  con t r ac t  r e p o r t  and only a summary w i l l  be presented here .  
previous yea r s  have a l r eady  been r epor t ed  [ 6 ] ;  only b r i e f  summaries of t h e  c u r r e n t  year  w i l l  be  
given here .  

Data Analysis Procedures 

Resu l t s  of 

. One of t h e  major t a s k s  of t h i s  p r o j e c t  has  been t h e  eva lua t ion  and development of procedures 
and r e sea rch  t o o l s .  Among t h e s e  are  t h e  s ta t i s t ica l  techniques used t o  tes t  t h e  s i m i l a r i t y  o r  
d i s s i m i l a r i t y  of sets of o r i e n t a t i o n  d a t a .  
Runs T e s t  could be used t o  compare o r i e n t a t i o n  d a t a  d i s t r i b u t i o n s .  Subsequently, o t h e r  tests were 
evaluated and one, Kuiper 's  mod i f i ca t ion  of t h e  Kolmogorov-Smirnov T e s t  [7]  w a s  adopted f o r  u s e  i n  
some of t h e  s ta t i s t ica l  ana lyses .  A computer program t o  p l o t  o r i e n t a t i o n  diagrams and t o  provide 
t h e  s t a t i s t i c a l  ana lyses  of t h e  d a t a  d i s t r r b u t i o n s  w a s  completed. Add i t iona l ly ,  a general  mapping 
computer program t o  a i d  i n  t h e  a n a l y s i s  of t h e  v a r i o u s  types of d a t a  u t i l i z e d  by t h i s  p r o j e c t  w a s  
completed. 
but they w i l l  be  f u l l y  descr ibed i n  t h e  c o n t r a c t  f i n a l  r e p o r t .  

ReZationship of Photo Zinewnents t o  GeoZogicaZ Features 

Last year  i t  w a s  discovered t h a t  t h e  Wald-Wolfowitz 

A d i scuss ion  of t h e  c h a r a c t e r i s t i c s  of t h e s e  programs i s  beyond t h e  scope of t h i s  r e p o r t ,  

This  yea r ' s  e f f o r t  i n  terms of t h i s  phase of t h e  p r o j e c t  cons i s t ed  of c o l l e c t i n g  d a t a  on  j o i n t s  
and comparing t h i s  w i th  l a rge - sca l e  photolineament maps. 
p r o p e r t i e s  of f r a c t u r e s  i n  outcrops are t h e  primary f i e l d  d a t a  u t i l i z e d  i n  t h i s  p r o j e c t .  
s h i p  between o r i e n t a t i o n  of f r a c t u r e s  i n  s u r f a c e  outcrops and f r a c t u r e s  i n  subsurface hydrocarbon 
r e s e r v o i r s  has been e s t a b l i s h e d  f o r  some areas [8] .  There i s  a l s o  a r e l a t i o n s h i p  between s u r f a c e  
f r a c t u r e s  and photolineaments i n  some areas [9, 101. I n  t h e  f i n a l  r e p o r t  of t h i s  c o n t r a c t ,  t h e r e  
w i l l  b e  a more ex tens ive  d i scuss ion  of t h e s e  r e l a t i o n s h i p s ;  only a b r i e f  example of problems encoun- 
t e r ed  and r e s u l t s  obtained w i l l  be given he re .  

Problems encountered. 

Measurements of o r i e n t a t i o n  and o t h e r  
A r e l a t i o n -  

I n  Jackson County ( f i g u r e  1 shows l o c a t i o n ) ,  t h e  s u r f a c e  rocks are of 
t h e  Permo-Pennsylvanian Dunkard Group which i s  p r imar i ly  a d e l t a i c  sequence c o n s i s t i n g  of gray and 
red mudstones, s i l t s t o n e s ,  and channel and bar  sandstones.  The most p reva len t  rocks i n  outcrop are 
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t h e  sandstones.  
r e l i a b l e  i n d i c a t o r s  of r eg iona l  f r a c t u r e  p a t t e r n s .  
patches surrounded by t h e  mudstones. This  l e a d s  t o  two cond i t ions .  F i r s t ,  r e g i o n a l  f r a c t u r e s  may 
not  be propagated through t h e  mudstones i n t o  t h e  sandstones.  
may w e l l  b e  due t o  f r a c t u r i n g  of a b r i t t l e  mass only poorly supported by t h e  surrounding, r a t h e r  weak 
mudstones and breaking up under i t s  own weight.  Second, t h e  i r r e g u l a r  shapes of t h e  sandstone bodies  
can cause r e f r a c t i o n  of a propagating f r a c t u r e  and so change i t s  o r i e n t a t i o n  by t w i s t i n g  t h e  propa- 
g a t i n g  wave f r o n t  about an  axis p a r a l l e l  t o  t h e  d i r e c t i o n  of propagation. I n  t h i s  case, although 
t h e  f r a c t u r e s  are r e l a t e d  t o  r eg iona l  f r a c t u r e  p a t t e r n s ,  t h e  d i r e c t i o n s  found tend t o  d i f f e r  from 
t h a t  p a t t e r n .  

There are s e v e r a l  reasons why f r a c t u r e s  measured on t h e s e  sandstones may not  be 
The sandstones tend t o  be r e l a t i v e l y  small 

Thus, f r a c t u r e s  seen i n  t h e  sandstones 

The e f f e c t s  of t h e s e  problems are p a r t i a l l y  reduced by a r eg iona l  a n a l y s i s  employing s e v e r a l  
thousand measurements. 
areas are el iminated o r  g r e a t l y  a t t e n u a t e d .  
on a small e r r o r  margin. 

With t h i s  q u a n t i t y  of d a t a ,  e r r o r s  introduced by f a c t o r s  a c t i v e  i n  small 
I n  any case ,  however, any a n a l y s i s  done cannot depend 

Results. Figure  2 shows t h e  most important p r e f e r r e d  o r i e n t a t i o n s  a t  ou tc rops  i n  t h e  gene ra l  
area of t h e  C o t t a g e v i l l e  Gas F i e l d .  
t h e  same area as t h e  j o i n t  measurements. 
t r ends  are co inc iden t .  
There i s ,  however, c l e a r l y  not complete agreement between t h e  two p a t t e r n s .  Assuming a r e l a t i o n s h i p  
between t h e  two types  of f e a t u r e s ,  t h e  disagreement between t h e  two sets of o r i e n t a t i o n s  could be 
caused by e i t h e r  1) t h e  d i s t o r t i o n s  of j o i n t  d i r e c t i o n s  by sand l e n s e s  as  o u t l i n e d  above, o r  2) a 
d i f f e r e n c e  i n  r e a c t i o n  of t h e  s h o r t  ( j o i n t s )  and long (photolineaments) f e a t u r e s  t o  r e g i o n a l  stresses 
which may have va r i ed  i n  d i r e c t i o n .  There i s ,  however, too much coincidence of t h e  o r i e n t a t i o n s  of 
t h e  two sets of d a t a  f o r  it t o  be ignored e n t i r e l y .  Thus, i t  appears  t h a t  t h e  photolineament maps 
may serve t o  a t  least p a r t i a l l y  p r e d i c t  s u r f a c e  outcrop f r a c t u r e  d i r e c t i o n s .  

F igu re  3 i s  a summary of t h e  more prominent photolineaments of 
A comparison of f i g u r e s  2 and 3 shows t h a t  s e v e r a l  of t h e  

The major p re fe r r ed  d i r e c t i o n s  on both diagrams are approximately t h e  same. 

Pred ic t ing  subsurface f r a c t u r e  o r i e n t a t i o n  from photolineaments i s  less c e r t a i n .  It i s  d i f f i -  
c u l t  t o  eva lua te  t h i s  r e l a t i o n s h i p  mainly because of t h e  l a c k  of d a t a .  However, i n  t h e  v i c i n i t y  of 
t h e  co re  from which t h e  subsurface o r i e n t a t i o n  measurements were taken i s  one outcrop si te.  
r e l a t i o n s h i p  between t h e  two sets of o r i e n t a t i o n  measurements i s  not  c l ea r - cu t ,  bu t  at  least one of 
t h e  major d i r e c t i o n s  of t h e  s u r f a c e  outcrop matches t h e  chief  subsurface f r a c t u r e  o r i e n t a t i o n .  From 
t h i s  meager evidence, one may p o s t u l a t e  a r e l a t i o n s h i p  between s u r f a c e  and subsurface f r a c t u r e s ,  and 
i n d i r e c t l y  between subsurface f r a c t u r e s  and photolineaments.  
t e s t i n g ,  however, be fo re  i t  can be app l i ed  as a p r e d i c t i v e  t o o l .  The a d d i t i o n a l  s t e p  of p r e d i c t i n g  
subsurface f r a c t u r e s  induced during s t i m u l a t i o n  of w e l l s  i s  even less c e r t a i n  because of a d d i t i o n a l  
r e s t r i c t i o n s  placed on t h e i r  formation by cond i t ions  under which they form. 

Relationship o f  I n i t i a l  open Flows and Photolineaments 

The 

Such a r e l a t i o n s h i p  needs ex tens ive  

A cons ide rab le  amount of raw d a t a  has  been gathered.  About 400 wells i n  Wayne County and 160 
w e l l s  i n  t h e  Jackson-Mason County area were found which included gas  y i e l d  d a t a  f o r  t h e  Devonian 
s h a l e s .  
underway gas  tests were a l s o  found. 

Most of t h e  d a t a  i s  a f t e r - sho t  i n i t i a l  open flows al though some n a t u r a l  open flows and 

ProbZems encountered. 
problems. 
Geological and Economic Survey. 
d i f f i c u l t  t o  determine t h e  source formation of t h e  gas  produced. 
t h e  gas  a sc r ibed  t o  t h e  Devonian s h a l e  may come from another formation. 
nate e r r o r s  of t h i s  na tu re ,  it i s  p o s s i b l e  t h a t  some e r r o r s  neve r the l e s s  remain i n  t h e  d a t a .  

Both t h e  photolineament and t h e  gas  i n i t i a l  open f low d a t a  presented 
The gas  product ion f i g u r e s  were der ived from d r i l l e r ' s  l o g s  on f i l e  w i t h  t h e  West V i r g i n i a  

The information on such l o g s  i s  of v a r i a b l e  q u a l i t y .  Often i t  
It is  p o s s i b l e  a l s o  that some of 

Desp i t e  a t t empt s  t o  e l i m i -  

Photolineament mapping p resen t s  many problems. Af fec t ing  t h e  a n a l y s i s  most i s  t h e  choice of 
imagery type and scale which i n  t u r n  a f f e c t s  t h e  type  of photolineament mapped. I f  too l a r g e  a 
s c a l e  i s  chosen, t h e  map which r e s u l t s  w i l l  have have f a r  too many l i n e s  f o r  u se fu lness  i n  most 
cases. 
r e l a t i v e  l o c a t i o n s  would probably be meaningless.  
s i n c e  o r i e n t a t i o n  p a t t e r n s  can s t i l l  be obtained from it .) I n  t h i s  p a r t i c u l a r  s tudy,  f o r  example, 
i t  would be u s e l e s s  t o  have a map on which t h e  photolineaments are c l o s e r  t oge the r  than t h e  w e l l s .  
I n  such a case, a l l  w e l l s  would be %ear'' photolineaments.  

Almost any po in t  would be on o r  near  a photolineament and any kind of a n a l y s i s  depending on 
(This type of map is not t o t a l l y  u s e l e s s ,  however, 

It i s  a l s o  apparent  t h a t  photolineaments mapped from d i f f e r e n t  scales (and types)  of imagery do 
n o t  n e c e s s a r i l y  r ep resen t  t h e  same type of f e a t u r e s .  L i t e r a t u r e  r e p o r t s  of t h e  width of t h e  i n f l u -  
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ence zone of photolineaments range  from 40 f e e t  t o  1 m i l e .  Most of t h i s  d i f f e r e n c e  i s  probably due 
t o  imagery scale cho ices  which r e s u l t  i n  photolineament maps which p r e f e r e n t i a l l y  d e p i c t  c e r t a i n  
types  of  photolineaments.  There i s ,  however, no evidence t h a t  t h e  i n f l u e n c e  zone width of photo- 
l ineaments  i s  always r e l a t e d  t o  imagery s c a l e .  
of a w e l l  to a photolineament and hydrocarbon product ion  w i l l  have t h e  u n c e r t a i n t y  r e l a t e d  t o  i n f l u -  
ence zone wid th .  

Thus, any test  made f o r  t h e  r e l a t i o n s h i p  of proximi ty  

Results. T e s t  ana lyses  were done f o r  Wayne County and f o r  t h e  Jackson-Mason County area. The 
photolineament maps f o r  bo th  areas ( f i g u r e s  4 ,  5,  6 ,  and 7) were prepared i n  a s imilar  manner. 
Ind iv idua l  maps w e r e  produced f o r  each of t h e  types  of imagery a v a i l a b l e  (8 maps f o r  Jackson-Mason, 
4 maps f o r  Wayne). These were then  superimposed and those  photolineaments which appeared on two o r  
more maps were e x t r a c t e d  and are shown on f i g u r e s  4-7. 
t h e  before- and a f t e r - s h o t  open f low d a t a .  

Superimposed on t h e s e  photolineament maps are 

The r e s u l t s  f o r  Wayne County seem t o  i n d i c a t e  t h a t  t h e  n a t u r a l  open f lows  are less  on o r  near  
Although some photolineaments.  

of t h e  w e l l s  w i t h  h igh  a f t e r - s h o t  flows do f a l l  on o r  near  t h e  photo l ineaments ,  even more f a l l  be t -  
ween them. 
c a s e ) .  

Af te r -shot  open flows are n o t  c l e a r l y  r e l a t e d  t o  photolineaments.  

There are no h igh  n a t u r a l  open f lows  on o r  near  photolineaments (except poss ib ly  f o r  one 

The p i c t u r e  f o r  t h e  Jackson-Mason County area i s  s imilar .  An a d d i t i o n a l  photolineament map w a s  
produced from imagery a t  a s c a l e  of 1:65,000 f o r  t h e  C o t t a g e v i l l e  Gas F i e l d  because of t h e  c l o s e  
spac ing  and g e n e r a l l y  h ighe r  y i e l d s  of t hose  w e l l s .  The r e s u l t s  were no d i f f e r e n t  than  those  above. 
The w e l l s  w i th  h igh  i n i t i a l  open flows were no t  near photolineaments.  

These r e s u l t s  are no t  e n t i r e l y  unexpected i n  l i g h t  of t h e  probable  c h a r a c t e r i s t i c s  of t h e  
f e a t u r e s  r ep resen ted  by photolineaments.  
ranging  a t  least  from 40 f e e t  t o  1 mi le )  wid th  i n  which t h e  rocks  d i f f e r  from those  around them, and 
i n  p a r t i c u l a r ,  where t h e  rocks  are more f r a c t u r e d  than  t h e  surrounding rock. I f  no secondary miner- 
a l i z a t i o n  has  caused s e a l i n g  of t h e  f r a c t u r e s ,  such zones should be  much more permeable than  t h e  
count ry  rock .  However, s i n c e  photolineaments,  by t h e  f a c t  t h a t  t hey  can b e  seen  on aer ia l  imagery, 
must r e p r e s e n t  cond i t ions  a t  t h e  s u r f a c e  of t h e  e a r t h ,  and i f  t h e s e  c o n d i t i o n s  ( i . e . ,  f r a c t u r i n g )  
e x i s t  t o  t h e  depth  of t h e  gas  r e s e r v o i r ,  t hen  it i s  e n t i r e l y  r easonab le  t h a t  t h e  gas  has been vented  
to  t h e  s u r f a c e  through t h e  f r a c t u r e  pe rmeab i l i t y .  The o n l y  cond i t ions  under which one might expect 
b e t t e r  product ion  due t o  such f r a c t u r e  zones would be  i f  they  were v e r y  w e l l  s ea l ed  above t h e  g a s  
r e s e r v o i r .  

Such f e a t u r e s  are g e n e r a l l y  zones of undetermined (but 

Thus, it appears  t h a t  t h e  l o c a t i o n s  of photolineaments are poor cho ices  f o r  gas  w e l l s  i n  t h e  
area i n v e s t i g a t e d .  
t h i s  s tudy  and t h a t  r e fe renced  f o r  t h e  Haysi F i e l d  [ 3 ] .  F i r s t ,  t h e  l i t h o l o g i e s  of t h e  producing 
format ions  are d i f f e r e n t .  The producing hor izon  i n  t h e  Haysi F i e l d  i s  t h e  Berea s i l t s o n e ;  t h e  
producing hor izon  i n  wes tern  West V i r g i n i a  i s  t h e  Devonian sha le .  
e n t l y  under stresses which produce f r a c t u r i n g .  
Appalachian thin-skinned t e c t o n i c s ,  where t h e  areas of t h i s  s tudy  are probably no t .  

Seve ra l  p o s s i b l e  exp lana t ions  e x i s t  f o r  t h e  apparent  d i screpancy  of f i n d i n g s  of 

The two rock  types  behave d i f f e r -  
Second, t h e  Haysi F i e l d  i s  l o c a t e d  i n  an  area of 

CONCLUSION 

Photolineament maps may be used t o  p r e d i c t  s u r f a c e  f r a c t u r e  o r i e n t a t i o n s ,  and i n d i r e c t l y  may 
a l s o  b e  u s e f u l  t o  p r e d i c t  subsu r face  f r a c t u r e  o r i e n t a t i o n s .  Both of t h e s e  r e l a t i o n s h i p s  must be 
f u r t h e r  t e s t e d ,  p a r t i c u l a r l y  i n  areas of d i f f e r e n t  l i t h o l o g i e s  and d i f f e r e n t  t e c t o n i c  h i s t o r i e s .  
Natura l  open f lows  of gas  w e l l s  i n  t h e  s tudy  area appear t o  be  low on photolineaments,  w i th  h igh  
open flows occur r ing  o n l y  between photolineaments.  
be  more uniformly d i s t r i b u t e d .  Chances of good w e l l s  appear t o  be  s l i g h t l y  enhanced by avoid ing  
l o c a t i o n s  near  photolineaments seen on small-scale imagery. 

High v a l u e s  of a f t e r - s h o t  open flows appear t o  
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Figure 1. Area of s tudy.  
shown i n  s t i p p l e  p a t t e r n .  
gas  s h a l e s  i s  approximated by t h e  shaded area. J - Jackson County, W - Wayne County. 

The o v e r a l l  photolineament s tudy covers  t h e  area 
The area of West Vi rg in i a  unde r l a in  by t h e  Devonian 
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6 PHOTOLINEAMENTS, GEOLOGICAL STRUCTURES, AND FRACTURE PRODUCTION I N  THE APPALACHIAN PLATEAU 

F igure  2 .  J o i n t  p a t t e r n s  i n  p a r t  of Jackson County, West V i r g i n i a .  
i n d i c a t e  t h e  o r i e n t a t i o n  peaks a t  i n d i v i d u a l  ou tc rops .  
i n t e r p o l a t i o n s  of t h e s e  d i r e c t i o n s  between ou tc rops  and are  probably i n d i c a t i v e  
of t h e  r e g i o n a l  t r e n d s .  

The r o s e t t e s  
L igh t  l i n e s  are 

F igure  3 .  
j o i n t  d a t a  i s  shown i n  f i g u r e  2 .  
Skylab, and h i g h - a l t i t u d e  a i r c r a f t  imagery. 
on two o r  more of t h e  e i g h t  images used. 

Major photolineaments i n  t h e  p o r t i o n  of Jackson  County f o r  which 
Photolineaments are der ived  from LANDSAT, 

Photolineaments shown are v i s i b l e  
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Figure  4 .  Map of Wayne County, West Vi rg in i a  showing major photolineaments ( those  v i s i b l e  on 
two o r  more of t h e  fou r  images used) and n a t u r a l  i n i t i a l  open flows of gas  w e l l s .  Small d o t s  
i n d i c a t e  r e l a t i v e l y  poor w e l l s ,  l a r g e  d o t s  r e l a t i v e l y  good w e l l s .  
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Figure 
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Figure  6 .  Map of Jackson County and a p o r t i o n  of Mason County, West V i r g i n i a ,  showing major 
photolineaments ( those  v i s i b l e  on two o r  more of t h e  e i g h t  images used) and n a t u r a l  open flow 
of gas  w e l l s .  Large d o t s  i n d i c a t e  good w e l l s ,  s m a l l  d o t s  r e l a t i v e l y  poor w e l l s .  
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F igu re  7. A s  i n  f i g u r e  6, except t h a t  a f t e r - sho t  i n i t i a l  product ion is  dep ic t ed .  
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CORRELATION BETWEEN OUTCROP FRACTURES, GEOPHYSICS A l D  
ROME TROUGH STRUCTURE I N  KANAWHA COUNTY, WEST V I RG I FI I A  

BYRON R. KULANOER, ALFRED UNIVERSITY 
STUART L. DEAN, UNIVERSITY OF TOLEDO 
RICHARD E. WILLIAMS, JOHNS HOPKiNS UNIVERSITY 

ABSTRACT 

The eastern flank of the Rome trough through Kanawha County, West Virginia,  i s  steepened by 
pronounced faul t ing.  
approximately 7000 fee t  w l th in  a horizontal distance o f  several mlles. 
eastern margin of the trough i n  Kanlwha County i s  approximately 10,000 fee t  from the trough axis 
t o  the crest  of the eastward-lying Central West V i rg in ia  arch. The western trough margin i s  also 
undoubtedly faulted. 
o f fse ts  o f  the scale a t t r i bu ted  t o  large eastern margin f a u l t s  may be diminished. 
residual magnetic r e l i e f  over the pronaunced basement faul ts,  f rom the Central West V i rg in ia  arch 
I n  Clay and Fayette Counties t o  the trough axis t o t a l s  450 gammas. 
slopes northwest, i s  convex upward i n  p r o f i l e  over the basement fau l ts ,  and regtonally corresponds 
w i th  the eastern margin o f  the Rune Trough throughout West Virginia. 
uncorrected for t e r r a l n  effects, shaws a west-dipping steepened grav i ty  gradient of 10 (mgal) 
m i l l i g a l s  i n  Kanawha County over the eastern trough margin. 
exists over the fault-steepened sector o f  the trough margin. 
hlgh, including the intervening steepened western dipping gradient, correspond w i th  the Rome trough 
and Central West V i rg in ia  arch basement features respectively. The Rome trough and Central West 
V i rg in ia  arch are also geological ly d i f fe ren t ia ted  on a regional and local  scale. 
increased law amplitude fo lds  i n  Paleozoic s t ra ta  l i e s  between the trough and arch axes. A coal 
form-line structure map compiled by R. Shumaker (1974, West V l rg in ia  Geological Survey) shaws an 
abrupt increase i n  s t ruc tu ra l  complexity from west t o  east over the eastern trough margin. South- 
ward i n  Hingo and Logan Counties, West Virginia, the Warfield f a u l t  outcrop trace corresponds w i th  
the pronounced eastern trough margin basement faul t ing.  
l i e s  over the basement fault zone. Host interesting, however, is the observation tha t  the basement 
faul ts,  including related s t ruc tu ra l  s t y l e  changes and geophysical anomalies, separate two major 
systematic f racture domains. 
(face and b u t t  c lea t )  change trend inmcdiately over the basement fau l t s  del ineat ing the eastern 
margin o f  the Rome Trough. 
four miles. Coal systematic fractures west and east of the basement f a u l t  zone trend N45W and 
N75OE respectively. 
nonsystematic f racture sets are present. 
chaot ica l l y  fractured, and loca l l y  formed fracture sets obscure regional ly developed fracture trends. 

Normal faul ts,  d m  t o  the west, produce a maximum v e r t i c a l  separation of 
Total r e l i e f  along the 

However, geophysical data suggest tha t  f a u l t  a c t i v i  ty, pa r t i cu la r l y  v e r t i c a l  
Total in tens i ty  

The sharp residual gradient 

A Bouguer g rav i ty  map, 

A pronounced 7 mgal g rav i ty  gradient 
Regionally, a l inear  g rav i ty  lor and 

A zone of 

i n  Kanawha County, the Cabin Creek Syncline 

Regionally consistent systematic and nonsystmat ic fractures i n  coal 

The abrupt coal f racture trend change occurs general ly w i th in  two t o  

A t  many outcrops w i th in  the f rac tu re  trend change zone, both systematic- 
A t  some outcrops w i th in  t h i s  zone the coal appears t o  be 
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GENERAL GEOLOGY 

CORRELATION BETWEEN OUTCROP FRACTURES, GEOPHYSICS AND ROME TROUGH STRUCTURE 

Exposed bedrock w i t h i n  the area under Invest igat ion ranges i n  age from the Lwer  Pennsylvanian 
New River Formatlon t o  the Permian Dunkard Group (Figure 1 ) .  
Allegheny plateau and i s  traversed by the low amplitude fo lds charac ter is t i c  o f  t h i s  s t ruc tu ra l  
province. Two d i s t i n c t  f o l d  trends are evident. The predominant and subordlnate ax ia l  trace trends 
are N40-4% and N-S, respectlvely. The Warfield a n t l c l l n e  displays dips on e l the r  llmb recognizable 
a t  a s ing le outcrop, and i s  the predominant s t ructure crossing the area. A form-line map of surface 
coals fir West Vl rg ln ia ,  compiled by Shumaker ( I ) ,  accurately depicts the surface rock conflguratlon 
(Figure 2) and compllments s t ruc tu ra l  data obtalned from the West V l rg in ia  geological map (2). 

Devonian Onondaga limestone (41, show subsurface fo ld ing  a t  least through Middle Devonian strata. 
Major surface fo ld  trends can be general ly correlated w l  t h  subsurface foldlng. 
contours are more c lose ly  spaced on the east llmb o f  the northeastward plunging Warf ield a n t l c l l n e  
ind lca t ing  s t ruc tu ra l  asymnetry toward the east. Values o f  t o t a l  s t ruc tu ra l  r e l l e f  on the western 
and eastern f lank of the Warfleld s t ructure a t  the Onondaga leve l  are 500 and 1200 fee t  respectlvely 
along the southern Kanawha County boundary. St ructura l  contours on the Onondaga and Greenbrier 
formations show v e r t l c a l  northeastward plunge component o f  1000 fee t  and 300 feet respectively. The 
300 foot  ve r t f ca l  plunge component corresponds w l th  the surface plunge shown on the form-line map. 
The 1000 foo t  v e r t i c a l  plunge component corresponds approximately w l th  the northeastward Rome Trough 
basement deepenlng i n  Kanawha County. Pa r t -o f  the 700 foo t  plunge d i f ference may be a t t r l bu ted  t o  
the fac t  that  Greenbrler rocks r i s e  reg ional ly  t o  the northeast i n  contrast t o  Onondaga rocks whlch 
plunge reg ional ly  northeastward. 
d lscont inu i ty  may e x l s t  between the Greenbrier and Onondaga levels  t o  account for the apparent d ls -  
crepancies i n  the v e r t i c a l  plunge components. Thls In te rva l  (Middle Devonlan t o  Mlddle Mlsslssipplan) 
contains the Devonlan gas shales that  are o f  prlmary importance t o  the eastern gas shales project. 

by sections o f  the Rome Trough and eastward ly ing  centra l  West V l rg ln la  arch (5). 
suggests tha t  the deepest section o f  the Rome Trough l i e s  i n  Kanawha County. 
eastern f l ank  and the western limb o f  the centra l  West V f rg in la  arch are accentuated by a narrow zone 
of pronounced normal fault lng. 
feet  w i t h l n  a ho r l t on ta l  dlstance o f  two mlles. The Rome Trough's western margin i s  a lso undoubtedly 
faulted. However, t o  date the authors have not had access t o  selsmfc data t o  corroborate t h l s  
assumptlon. Hagnetlc and g rav l t y  data do not ind lcate f a u l t i n g  o f  the magnltude evident on the 
eastern f lank  o f  the trough. 

The reglon lies e n t i r e l y  w l th ln  the 

Structura l  contour maps of the Hississippian age Greenbrier Llmestone ( 3 ) .  and the Lower Middle 

Onondaga s t ruc tu ra l  

However, northeastward s t ra t lg raph ic  thlckenlng and/or a s t ruc tu ra l  

Figure three shcms tha t  Precambrian surface s t ructure w l t h l n  the lnvest lgat lon area Is dominated 
Evldence t o  date 

The Rome Trough's 

Normal f a u l t s  w i t h l n  t h l s  zone have a maximum combined throw of 7000 

Several spa t ia l  corre la t ions can be drawn between proposed basement s t ructure and surface geol- 
ogy if Figures 1, 2, and 3 ,  and a regional tecton ic  map are compared. 

The surface expressions o f  shallow north-to-northeast trendlng folds show an 
increase I n  frequency over the Rome Trough. Thls i s  especia l ly  evident if the 
basement map and a tecton ic  map are reg lonal ly  compared. 

Basement s t ructure and subsurface geology reg ional ly  shaw an increase I n  the 
number of f o ld  ax ia l  traces over the cent ra l  West V i rg in la  arch. 

I sopach maps by Ping Fan Chen (6) o f  the Cambrian-Ordovician Conococheague, 
Stonehenge, Chary and Chambersburg formatlons show depoaxes correspondlng 
general ly w i t h  the Rome Trough. 

The ax is  of the Warfield a n t i c l i n e  corresponds general ly w l th  the deepest 
por t ions o f  the R a m  Trough. 

The Warf ield f a u l t  surface trace i n  northern Mingo County, immdlate ly  south 
of the map area, lies over the projected zone of basement fault ing. 
movement through Pennsylvanian time may be a t t r l bu ted  t o  contlnued basement 
movement and/or d l f f e r e n t l a l  compaction over the trough. If f rac tur ing  
throughout the sedlmentary column Is re la ted t o  the basement fau l t  zone the 
Devonlan shales i n  t h l s  region may possess increased f rac tu re  poroslty. 

Fault 
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The t o t a l  i n tens i t y  residual magnetic map taken from a prev ous regional map compiled by the 
authors (5) I l l u s t r a t e s  magnetic anomalies that  can be d i r e c t l y  re la ted  t o  basement features (Figure 
4). The Rome Trough axis corresponds w i t h  a l inear  Rome magnet c low, and the centra l  West V i rg in ia  
arch possesses a d i s t i n c t  l inear  pos i t i ve  magnetic signature (5 . 
these magnetic features are continuous from New York t o  Alabama. 
gradient separating the Central West V i rg in ia  anomaly from the Rome Trough magnetic low 1s the most 
pronounced i n  the region w i th  a maximum magnetic r e l i e f  w i th in  the mapped area of 840 gamnas. This 
convex and pronounced magnetic gradient corresponds almost exact ly  w i th  the zone o f  Rome Trough base- 
ment f au 1 ti ng . 

Zietz  and Klng (7) have shown that 
The westward dipping magnetic 

The pronounced +300 gamna elongate magnet i c  anomaly through southernmost Kanawha County was used 
t o  ca lcu late bu r ia l  depth and a minimum suscep t ib i l i t y  contrast f o r  the anomaly producing body (5). 
An averaged depth of -18,400 belaw ground surface was obtained by the Vacquier method (8) u t i l i z i n g  
t o t a l  magnetic In tens i ty ,  magnetic curvature, and aeromagnetic analog tapes supplied by the United 
States Geological Survey. 
depths are too low fo r  the upthrown Rome Trough f a u l t  block surface, and the basement depths shown 
i n  Figure.3, are based on seismic p r o f i l e s  and s t ra t ig raph ic  projections. 
suscep t ib i l i t y  contrast obtained from the magnetic studies i s  .0017 cgs units. If the basement IS 
assumed t o  be predominantly granodiorite, t h i s  suscep t ib i l i t y  contrast indicates a mafic anomaly 
generating body, perhaps approximating gabbro or anorthosite i n  composition. If the trough i s  an 
extensional feature, i t s  associat ion w i th  maf i c  or u l t ramaf lc  rocks would not be surprising. Well 
data from Kentucky Geological Survey f i l e s  i i s t  three wells i n  eastern Kentucky (Boyd County), on 
the northwest f lank of the Rome Trough, tha t  penetrated basement anorthosite. 
County a lso  d r i l l e d  i n t o  basement rock o f  t h i s  canposition. 

Depths by a i l  methods ranged between -18,040 and -18,800 feet. These 

The calculated minimum 

A deep we l l  I n  Hingo 

The maximum res idual  magnetic r e l i e f  o f  840 gamnas over the buried f a u l t  zone cannot be a t t r i bu -  
ted t o  basement fau l t i ng  alone. A two dimensional t o t a l  i n tens i t y  magnetic curve was calculated 
assuming (1) v e r t i c a l  f a u l t  w i th  a displacement o f  7000 feet, (2) b u r i a l  depth t o  the up thrwn block 
surface of -15,000 feet  (subsea), (3) suscep t ib i l i t y  contrast o f  .0025 cgs u n i t s  between mafic base- 
ment and over ly lng sedimentary rocks, (4) v e r t i c a l  rock magnetlzatlon. 
magnetic r e l i e f  for  the p r o f i l e  proved t o  be 200 gawnas. I t  Is emphasized tha t  the 200 gamma f igure 
I s  a maximum value fo r  the fault-induced component o f  the t o t a l  840 gamna observed magnetic anomaly. 
This i s  so because the suscep t ib i l i t y  contrast was assumed f o r  f a u l t  o f f s e t  maflc rocks. 
c e p t i b i l i t y  contrast and resu l t ing  anomaly would be less i f  basement rocks were more g r a n i t l c  and 
the propounded maflc in t rus ion  top was located beneath the Precambrian surface. 
major component of the magnetic anomaly must be a t t r i bu ted  t o  an intra-basement suscep t ib i l i t y  con- 
t ras t .  
assuming a suscep t ib l l i t y  contrast w i th in  the basement. 
(2) the previously calculated suscep t ib i l i t y  contrast o f  .0017 cgs u n i t s  (mafic in t rus ion  i n t o  grano- 
d i o r i t l c  host rock, (3) width f o r  the v e r t i c a l  tabular in t rus lon  o f  15 miles (obtained from magnetic 
curvature map), (4) tabular in t rus ion  extending 25 miles t o  the base o f  the earth's crust, (5) tabu- 
l a r  In t rus ion  top a t  -18,500 fee t  (subsea). 
anomaly of 600 gamnas . 

The calculated maximum 

The sus- 

I n  any case the 

To i l l u s t r a t e  th ls ,  a t o t a l  i n tens l t y  magnetic curve was calculated over the fau l t  area 
The model assumed ( I )  no basement fau l t ,  

The calculated magnetic p r o f i l e  produced a maximum 

The two dimensional f a u l t  and in t rus ion  models can be vlewed as approximate a t  best. However, 
they do ind ica te  the necessity f o r  the major magnetic Influence o f  an intra-basement mafic intruslon. 

BOUGUER GRAVITY 

A Bouguer g rav l t y  map of the area under invest igat ion was contoured from Bouguer g rav i t y  data 
obtained from the National Defense Happing Agency (Figure 4). 
effects, shows good cor re la t ion  o f  a pronounced l l nea r  g rav i t y  h igh and low w i t h  the Central West 
V i rg in ia  arch and the Rome Trough basement features respectively. Maximum t o t a l  r e l i e f  along the 
northwestward-sloping g rav i t y  gradient across the f a u l t  zone, f ran  g rav i t y  high t o  g rav i t y  lad, i s  
19 mgais. The steepest section o f  t h l s  g rav l t y  gradient (5  t o  9 mgals) general ly l i e s  immediately 
west of the  f a u l t  zone. No residual Bouguer g rav i t y  map was constructed. 
g rav i ty  p r o f i l e  over the steepest gradient and f a u l t  in tersect ion i n  the north-central map sector, 
produced a maximum di f ference o f  15 m i l l i g a l s  i n  a distance perpendicular t o  gradient of 14 miles. 

The map, uncorrected fo r  t e r ra in  

Hwever, a calculated 
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This compares w i t h  the observed Bouguer anomalies and would approximate res idua l  g r a v i t y  values if 
they were derived. 
descrlbed i n  the magnetic sect ion,  (2) a densi ty  cont rast  o f  0.1 gm./cm3 (sedimentary rocks = 
2.65 gm./un3, basement rocks - 2.75 gm./cm3). 
dens i ty  and g r a v i t y  data are obtained o n l y  these t e n t a t i v e  observations can be made. 
l iminary treatment of  j v a i l a b l e  g r a v i t y  data do ind ica te  a f a u l t e d  basement and an fntra-basement 
i n t r u s i o n  (2.75 gm./un densi ty) .  
and res idual  anomalies iso la ted,  a a w e  accurate g r a v i t y  model could be derived. 

SYSTEMATIC AND NONSYSTEHATIC FRACTURES I N  COAL. 

CORRELATION BETWEEN OUTCROP FRACTURES, GEOPHYSICS AND ROME TROUGH STRUCTURE ~ ~ s - 3 2  

The p r o f i l e  assumed ( I )  a basement f a u l t  w i t h  b u r i a l  depths and dimensions as 

The g r a v i t y  model i s  much overs impl i f ied.  U n t i l  more 
However, pre- 

I f  more g r a v i t y  data were obtained, corrected f o r  t e r r a i n  ef fects ,  

The terminology u t i l i z e d  i n  the coal outcrop f r a c t u r e  analys is  i s  e s s e n t i a l l y  tha t  adopted by 
Coal systematic f rac tu res  ( face c l e a t )  are those t h a t  are repeatedly found i n  a Hodgson (9, 10). 

common or ien ta t ion .  Those o f  any s p e c i f i c  o r i e n t a t i o n  are considered t o  be i n  the same set. 
mat ic f ractures i n  most cases are v e r t i c a l ,  e x h i b i t  p lanar or gent ly  curved surfaces, and are 
t y p i c a l l y  reg ional  i n  nature. However, loca l  systematic f r a c t u r e  sets can be re la ted  t o  var ious 
nearby s t ructures.  
surface and t y p i c a l l y  terminate a t  systematic f ractures,  
greater  v a r i a t i o n  i n  s t r i k e  a t  any given s ta t ion .  
t i c u l a r  type o f  nonsystematic f r a c t u r e  has not been adopted by the authors because of poss ib le  con- 
fus ion  w i t h  f ractures i n  igneous rocks (11,12)  and those perpendicular t o  f o l d  axes (13) that  have 
been given the same designat ion by other  invest igators .  

Syste- 

Nonsystematic coal  f rac tu res  ( b u t t  c l e a t )  genera l ly  d isp lay  a more curv ip lanar  
The nonsystematic coal f ractures show a 

The term "cross j o i n t "  used by Hodgson for a par- 

A reg ional  f r a c t u r e  p a t t e r n  f o r  any given rock type can genera l ly  be broken dawn i n t o  d i s t i n c t  
f r a c t u r e  domains. 
by the presence of a predominant f r a c t u r e  d i rec t ion .  
occur i n  the same domain. 
change, can be abrupt ( 2  t o  10 miles)  o r  gradual. 

Fracture domains, espec ia l l y  i n  coal, are general ly,  but  not always, d is t inguished 
However, several  f r a c t u r e  sets  can p e r s i s t e n t l y  

Fracture domain boundaries, marking zones where reg ional  f rac tu re  trends 

Regional systematic and nonsystematic f rac tu res  i n  coal  are well-developed i n  the inves t iga t ion  
area. Furthermore reg ional  f r a c t u r e  s tud ies i n  other sect ions of  the Allegheny p la teau ind lca te  that  
systematic f ractures i n  a given f r a c t u r e  domain possess a s ingular  t rend w i t h  l i t t l e  v a r i a t i o n  f o r  
thousands o f  square mi les (14). 
Miss iss ipp ian age sandstone and shale. 

This  may be t r u e  f o r  any rock type and p a r t i c u l a r l y  so f o r  coal  and 

Fracture frequencies i n  coal as a r u l e  proved t o  be more h i g h l y  v a r i a b l e  a t  a s i n g l e  outcrop than 
Fracture frequency i n  glossy v i t r a i n  layers was greater  than i n  d u l l  over an e n t i r e  f r a c t u r e  domain. 

fusa in  or dura in coal layers. Fracture frequencies i n  bone coal  were lawest of a l l ,  and bone coal 
f ractures o f ten  d i f fe red  i n  t rend fran associated coal  beds. 

Two coal f r a c t u r e  domains are evident w i t h i n  the area under i n v e s t i g a t i o n  (Figure 61, Systematic 
f rac tu res  over the Rome Trough t rend N45W w l t h  few exceotions, In  contrast  the  predominant f rac tu re  
t rend w i t h i n  the domain occupying the southeastern map sector over the  c e n t r a l  West V i r g i n i a  arch I s  
N70E. Another domain boundary t rending east-west and l y i n g  between 38O15'  and 38O30' l a t i t u d e  may 
transect the map area. 
Ongoing f ie ldwork w i l l  b e t t e r  de l ineate these f r a c t u r e  t rend changes. 

North o f  t h i s  probable boundary f r a c t u r e  t rends change from N70°E t o  EW. 

The boundary separat ing the two major f r a c t u r e  domalns i s  marked and abrupt. Fracture trends 
common t o  one domain change w i t h i n  two to  ten mi les  t o  f r a c t u r e  t rends c h a r a c t e r i s t i c  of the adjo in-  
ing  domain. 
and local systematic f r a c t u r e  se ts  are present. 
Is c h a o t i c a l l y  f ractured by both reg ional  systematic f r a c t u r e  sets and superfmposed l o c a l  sets. A 
c r i t i c a l  r e s u l t  of m u l t i p l e  f r a c t u r e  set  occurrences w l t h i n  the domain boundary i s  t h a t  f rac tu re  
permeabi l i ty  i s  increased even though the range o f  f r a c t u r e  frequencies a t  a g iven outcrop may not  
change appreci ab ly .  

With ln t h i s  dunain boundary, f r a c t u r e  t rends camnon t o  both domrlns may occur together 
A t  many outcrops w i t h i n  the domain boundary the coal 

The most casual appra isa l  of the major domain boundary p o s i t l o n  reveals a remarkable s p a t i a l  
re la t lonship.  
predomlnant basement f a u l t i n g  and re la ted  geophysical anomalies t h a t  accentuate the eastern Rome 
Trough margin. 
the Allegheny plateau i n  West V i r g i n i a  t h a t  can be geometr ica l ly  r e l a t e d  t o  a marked and proven 
basement s t r u c t u r e  and r e s u l t i n g  magnetic and g r a v i t y  ananalies. 

The f rac tu re  domain boundary coincides exac t ly  i n  the s tud ied area w l t h  the zone of 

To the authors '  knawladge, t h i s  Is the f i r s t  reg lonal  f rac tu re  domaln boundary I n  
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A comprehensive in te rpre ta t ion  attempting t o  explain the o r i g l n  o f  the coal fractures would be 

premature a t  t h i s  time. 
types. Hawever, the fol lawing prel iminary observations can be made. 

Data accumulated t o  date i s  incomplete and i s  not avai lab le fo r  a l l  rock 

( I )  Coal fractures were l n l t i a t e d  i n  the b r i t t l e  f rac tu re  mode and propagated per- 

(2) Systematic and nonsystematlc coal fractures are not geometrical ly re la ted t o  

pendicular t o  the local maximum pr inc ipa l  tension. 

f o l d  axes. Evidence from other par ts  o f  the plateau Indicates tha t  systematlc- 
nonsystematlc f ractures I n  a l l  rock types predate and are unrelated t o  fo ld ing (14,151. 

ment f a u l t  zone. Also, no well-formed f rac tu re  sets d i f f e r i n g  from regional 
trends are pers is tent  everywhere along and w i th in  the danain boundary. If It I s  
assumed tha t  a l l  systematic f ractures formed a t  approximately the same time, 
then the basement f a u l t  zone would have served as a boundary separatlng d l f fe ren t  
stress f l e lds  responsible f o r  the fracturfng. I t  fol lows that  the fau l t  zone may 
have i n  some way a t t r i bu ted  t o  the two d i s t i n c t  stress f ie lds .  Spatlal re la t lon-  
shlps s t rongly  support t h i s  premise. 

(4) If danaln boundarles fo r  systematic fractures I n  other rock types l i e  over the 
basement f a u l t  zone, photolineaments re la ted t o  f rac tu re  trends and resu l t ing  
topography could change or ientat lons i n  t h i s  location. However, no d lscrete 
Ilneaments p a r a l l e l  t o  the burled f a u l t  zone need be present. 

( 3 )  Regional f racture sets I n  the mapped area change trend abruptly over the base- 

CONCLUSIONS 

The geological and geophyslcal relat ionships and implications discussed i n  previous sections 
could prove t o  be extremely important. Increased f rac tu re  frequency and permeabil i ty i n  coal is 
produced by the presence of overlapplng regional and addi t ional  loca l  f rac tu re  sets w i th in  the 
investlgated f racture danaln boundary. If Increased f rac tu re  permeabi 1 l t y  Is present i n  underlying 
strata, the gas bearing Devonian shale and other reservo l r  rocks above the basement f a u l t  zone may 
prove t o  be an area of high explorat ion potent ia l .  
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Figure 1 , geologic map of Kanawha County (dashed) and surrounding regions. 
Pd = Dunkard Group (crossed), 1Pm = Honongahela Group (blank),  lPca = 
Conemaugh Group and Allegheny Formation ( s t i po led ) ,  1Pk = Kanawha Group 
(blank), lPnr - New River  Group (checked). 
of subsurface basement fau l t i ng ,  Geology from Geological map of West 
V i r g i n i a ,  Cardwell, e t  al., 1968. 

S t i pp led  band Ind icates zone 

Scale = 1:560,000. 
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Figure 6, systematic - nonsystematic f rac tu re  trends i n  coal. 
b a l l  indicates mean systematic f rac tu re  trend. Naked barb indicates mean 
nonsystematic trend. Systematic barb length i s  inversely proport ional t o  
the standard deviat ion o f  ten f rac tu re  set azlmuth bearings taken over 
each outcrop extent. Systematic-nonsystmatic barbs or ig ina te  a t  s ta t i on  
locations. Stippled band indicates zone o f  subsurface basement fau l t ing .  
Scale = 1:560,000. 

Barb w i th  
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ANALYSIS OF STIIUCTUFIAL E O L C G  ICAL 'PARAMETERS THAT INFLUENCE GAS 
PR3DUCTION FROM THE DEVONIAN SHALE OF 

THE APPALACHIAN BAS I N  

Robert C .  Shumaker 
K e i t h  G. K i r k  

E. B. Nuckols 1 1 1  
B r ian  R.  Long 

West V i r g i n i a  U n i v e r s i t y  

ABSTRACT 

The Department o f  Geology and Geography a t  West V i r g i n i a  U n i v e r s i t y  i s  s tudy ing  the  s t r u c t u r a l  para-  
meters t h a t  may a f f e c t  gas p roduc t i on  f rom the  Devonian sha le  i n  southwestern West V i r g i n i a  and eas- 
t e r n  Kentucky. The p r o j e c t  i s  designed t o  (1) document f r a c t u r e  p a t t e r n s  and s t r u c t u r a l  deformat ion 
w i t h i n  and around areas o f  Devonian sha le  p roduc t i on ;  ( 2 )  eva lua te  inexpensive geophysical  and remote 
sensing techniques t o  l o c a t e  p o t e n t i a l l y  p r o d u c t i v e  f r a c t u r e  zones; and ( 3 )  study p roduc t i on  w i t h i n  
p roduc ing  f i e l d s  for comparison w i t h  ad jacent  non-produc t ive  areas t o  assess t h e  i n f l u e n c e  o f  s t r u c -  
t u r e  on p roduc t i on .  

Work was i n i t i a t e d  t h i s  year on: (1) reg iona l  a n a l y s i s  o f  bas in  s t r u c t u r e ,  (2) c o m p i l a t i o n  o f  su r -  
face f r a c t u r e s  from eas te rn  Kentucky and West V i r g i n i a ,  (3 )  sha l l ow  h i g h  frequency se ismic  and r e s i s -  
t i v i t y  s tud ies  t o  l o c a t e  f r a c t u r e  zones and (4 )  groundwater s t u d i e s  above t h e  C o t t a g e v i l l e  Devonian 
sha le  gas f i e l d  f o r  comparison w i t h  a p roduc t i on  s tudy  o f  t h a t  same f i e l d .  

I NT RODU CT I ON 

The i n t e n t  o f  t h i s  paper i s  t o  i n t roduce  o u r  p r o j e c t  t o  o t h e r  s c i e n t i s t s  i n t e r e s t e d  i n  deve lop ing  gas 
reserves from the  Devonian shale,  t o  e x p l a i n  the  goa ls  o f  our  g r a n t ,  t o  r e p o r t  ou r  s c i e n t i f i c  p r o -  
gress, and f i n a l l y ,  t o  s o l i c i t  the ass i s tance  o f  o the r  i n d i v i d u a l s  i n  o b t a i n i n g  s t r u c t u r a l  da ta  f o r  
t he  vas t  a rea  covered by our  p r o j e c t  (F igure  I ) .  Our i n t e n t  i s  t o  p rov ide  the  most accura te  and up- 
to -da te  s t r u c t u r a l  background f o r  co-workers i n  t h e  Eas tern  Shale Gas P r o j e c t  b u t  w h i l e  our  e f f o r t s  
a re  d i r e c t e d  toward t h a t  end; we r e a l i z e  t h a t  your adv ice ,  ass i s tance  and c r i t i c i s m  i s  r e q u i r e d  i f  our  
p r o j e c t  i s  t o  f u l l y  reach t h a t  goa l .  

OBJECT I VES 

The general  o b j e c t i v e  o f  ou r  p r o j e c t  under c o n t r a c t  E(40-1)-5194 i s  t o  study the  s t r u c t u r a l  parameters 
o f  t he  Devonian shales t h a t  e f f e c t  gas p roduc t i on  i n  eas te rn  Kentucky and West V i r g i n i a .  

TO t h a t  end o u r  program i s  s p e c i f i c a l l y  designed t o :  

1 .  C o l l e c t ,  compi le,  and ana lyze  geo log ic  data t o  cons t ruc t  reg iona l  s t r u c t u r e  maps o f  eas te rn  
Kentucky and West V i r g i n i a .  

2 .  Determine i f  s t r u c t u r a l  types and s t y l e s  a f f e c t  p roduc t i on  and determine i f  minor s t r u c t u r e s  as 
mapped i n  ou tc rop  cou ld  i n f l u e n c e  p r o d u c t i o n  c h a r a c t e r i s t i c s .  

Determine i f  sha l l ow  se i sm ic  surveys can d e t e c t  near -sur face  f a u l t s  and f r a c t u r e  zones, and i f  3 .  
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such s t r u c t u r e s  can be detected, t o  f u r t h e r  determine how f r a c t u r e s  r e l a t e d  t o  bo th  p roduc t i on  from 
t h e  sha le  and t o  l i n e a t i o n s  observed on remotely sensed da ta .  

4.  Determine i f  a r e l a t i o n s h i p  e x i s t s  between groundwater movement and sha le  gas p r o d u c t i v i t y .  

Through the  i n t e g r a t i o n  o f  our work w i t h  o the rs  i t  i s  o u r  u l t i m a t e  goal  t o  d i scove r  i f  r e l a t i o n s h i p s  
e x i s t  between Devonian sha le  gas p r o d u c t i o n  and g e o l o g i c  s t r u c t u r e .  I f  such a r e l a t i o n s h i p  i s  es tab-  
l i s t e d ,  we w i l l  a t tempt  t o  develope a method o r  methods f o r  s e l e c t i n g  favo rab le  s i t e s  t o  d r i l l  sha le  
w e l l s  t h a t  have a g r e a t e r  p o t e n t i a l  f o r  gas p roduc t i on  than the  norm f o r  t h a t  reg ion .  

0 RGAN I ZAT I ON 

I n  o rde r  t o  a t t a i n  the  s t a t e d  o b j e c t i v e s  we have designed seve ra l  tasks  which have been organ ized i n -  
t o  f i v e  study groups. Four o f  these groups: r e g i o n a l  s t r u c t u r e  s tud ies ,  f r a c t u r e  s tud ies ,  s t r u c t u r a l  
t ype  s tud ies ,  and p roduc t i on  s tud ies ,  a re  c a r r i e d  under ERDA's Resource Inventory  Tasks. One s tudy  
group, geophysical  s t u d i e s ,  i s  c a r r i e d  under Shale C h a r a c t e r i z a t i o n  Tasks. 

Regional s t r u c t u r e  and f r a c t u r e  s t u d i e s  uill p r o v i d e  a s t r u c t u r a l  background f o r  the  bas in  and e n t i r e  
p r o j e c t .  The s t r u c t u r a l  t ype  s tud ies  seek t o  document, by a n a l y t i c a l  f i e l d  work, d e t a i l s  o f  s t r u c -  
t u r e s  which a re  e i t h e r  p roduc ing  gas a t  the present  t ime o r  wh ich  we f e e l  a re  p rospec t i ve .  The p ro -  
d u c t i o n  records  a r e  a v a i l a b l e  t h a t  pe rm i t  thorough a n a l y s i s  and documentation o f  geo log i c  parameters 
t h a t  i n f l u e n c e  gas p roduc t i on  f rom the  sha le .  The geophsy ica l  s t u d i e s  a re  charged w i t h  the  t a s k  o f  
deve lop ing  inexpensive geophysical  techniques t h a t  can l o c a t e  sha l l ow  f r a c t u r e  zones o f  h i g h  permea- 
b i  1 i t y .  

TECHN I CAL PROGRESS 

A major p a r t  o f  ou r  e f f o r t  du r ing  t h e  f i r s t  year o f  t h i s  comprehensive s tudy  has been spent i n  r e c r u i -  
t i n g  and h i r i n g  q u a l i f i e d  personne l ,  accumulat ing s t r u c t u r a l  and p roduc t i on  da ta  f o r  a n a l y s i s ,  and 
o r d e r i n g  and des ign ing  se i sm ic  and remote sensing equipment. 

Technical  p rogress  was achieved on reg iona l  s t r u c t u r e ,  r e g i o n a l  f r a c t u r e ,  product ion,  and geophysical  
s tud ies  d u r i n g  the  f i r s t  year o f  the  p r o j e c t .  Delay o f  c e r t a i n  tasks  was necessary t o  i n t e g r a t e  and 
coo rd ina te  ou r  work w i t h  t h a t  o f  o t h e r  c o n t r a c t o r s .  A lso  c e r t a i n  tasks  a re  dependent on da ta  com- 
p i l e d  by o t h e r  c o n t r a c t o r s  and c e r t a i n  o f  ou r  own tasks .  I n  a d d i t i o n ,  we have been s l i g h t l y  delayed 
by problems i n  r e c r u i t i n g  exper ienced techn ica l  personnel  who a r e  q u a l i f i e d ,  n o t  o n l y  f o r  t h e  p o s i -  
t i o n ,  b u t  who are  q u a l i f i e d  t o  r e t u r n  t o  school f o r  an advanced degree. 

A general  summary o f  progress f o r  each o f  t h e  study groups i s  g iven  below. Because o f  t he  genera l  
i n t e r e s t  i n  sha le  gas p r o d u c t i o n  i n  the  C o t t a g e v i l l e  f i e l d ,  t h e  p r i n c i p a l  i n v e s t i g a t o r ,  M r .  E.B.  
Nuckols, I l l  has expanded t h a t  p o r t i o n  o f  t h e  r e p o r t ,  and M r .  K e i t h  K i r k  has w r i t t e n  a more d e t a i l e d  
r e p o r t  on general  procedures u t i l i z e d  i n  ou r  geophysical  s tud ies  because o f  i n t e r e s t  i n  h i s  work. 

Regional S t r u c t u r a l  S tud ies  - R . C .  Shumaker and B r i a n  R.  Long 

The pr imary  t a s k  o f  t h i s  group i s  t o  c o l l e c t  da ta  and c o n s t r u c t  maps t h a t  w i l l  p rov ide  a r e g i o n a l  
s t r u c t u r a l  framework f o r  eas te rn  Kentucky and West V i r g i n i a  (F igu re  1 ) .  Th is  t a s k  i s  impor tan t  t o  the  
p r o j e c t  i n  t h a t  the  reg iona l  s t r u c t u r a l  framework i s  p rov ided  f o r  a l l  c o n t r a c t o r s  i n  t h e  pr imary  p ro -  
duc ing  area o f  t he  Devonian sha le  gas. Such maps a re  a b s o l u t e l y  necessary i n  o rde r  t o  eva lua te  t h e  
importance t h a t  geo log i c  s t r u c t u r e  has on p roduc t i on ,  and i n  o r d e r  t o  compare reg iona l  s t r u c t u r e  w i t h  
r e s u l t s  o f  o t h e r  reg iona l  geo log i c ,  geochemical, and eng ineer ing  research. The standard map s c a l e  o f  
1:250,000 f o r  these maps w i l l  f a c i l i t a t e  comparisons. 

Resu l ts  o f  reg iona l  s t r u c t u r e  s tud ies  as o f  August 1977 are  as f o l l o w s :  ( I )  P r e l i m i n a r y  s t r u c t u r e  
maps (1:250,000) have been compi l ed  f o r  t h e  t o p  o f  t h e  Precambrian basement, t he  base o f  t h e  Onondaga, 
t h e  top  o f  t he  Berea, and the  top  o f  t h e  M i s s i s s i p p i a n  Lime f o r  p a r t  o r  a l l  o f  t he  study area (F igu re  
2 ) .  Maps (1:250,000) showing t h e  general  o u t l i n e  o f  p roduc t i on  f o r  t he  Devonian sha le  have a l s o  been 
compiled f o r  e a s t e r n  Kentucky and West V i r g i n i a .  Most o f  t h e  da ta  f o r  these maps comes from p u b l i c a -  
t i o n s  o r  da ta  s u p p l i e d  by the  West V i r g i n i a  Geologic and Economic Survey and t h e  Kentucky Geologic 
Survey. 
k y  Geologic Survey have been p a r t i c u l a r l y  h e l p f u l  t o  o u r  work. (2)  Compi la t ion  o f  j o i n t s ,  l ineaments,  
and i n - s i t u  s t r e s s  measurements has begun and f i e l d  work t o  c o l l e c t  f r a c t u r e  data has been i n i t i a t e d  
i n  eas te rn  Kentucky. As  f r a c t u r e s  and 1 ineaments a r e  d e l i n e a t e d ,  i n  p a r t  under c o n t r a c t  E(40-1)-8040, 
comparison w i l l  be made w i t h  t h e  p r o d u c t i o n  data be ing  compi led i n  another s tudy  SIroup (see p roduc t i on  

Dudley Cardwell  o f  the  West V i r g i n i a  Geologic and Economic Survey and Ed Wilson o f  t he  Kentuc- 
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s tud ies  be low) .  
a i r c r a f t  t o  o b t a i n  imagery f rom produc ing  areas t o  use t h e  imagery i n  f r a c t u r e  t r a c e  a n a l y s i s .  We 
would l i k e  t o  acknowledge the  ass i s tance  o f  NASA/Johnson Space Center, C lear  Lake, Texas and p a r t i c u -  
l a r l y  Ben Hand f o r  h i s  ass i s tance  i n  o b t a i n i n g  t h e  camera and v iewer  t o  be used i n  t h i s  p r o j e c t .  

As a p a r t  o f  t h i s  program we a r e  mount ing a m u l t i - s p e c t r a l  camera i n  a l o w - a l t i t u d e  

S t r u c t u r a l  Type-Style S tud ies  

Outcrop s t u d i e s  o f  s p e c i f i c  s t r u c t u r e s  and s p e c i f i c  s t r a t i g r a p h i c  u n i t s  w i t h i n  the  Devonian sha le  
w i l l  be undertaken w i t h  s i m i l a r  s t u d i e s  planned f o r  ad jacent  s t a t e s  by the  U.S.  Geo log ica l  Survey. 
These s t u d i e s  w i l l  be i n i t i a t e d  i n  the f a l l  o f  1977, and w i l l  be under t h e  d i r e c t i o n  o f  D r .  Russe l l  
L .  Wheeler. 

P roduc t i on  Stud ies  - E.B .  Nuckols I l l  and D. Sco t t  Jones 

I t  i s  ou r  f e e l i n g  t h a t  t he  comp i la t i on  and a n a l y s i s  of  p roduc t i on  da ta  f rom sha le  gas f i e l d s  i s  o f  
paramount importance t o  the  success o f  t h e  e n t i r e  Devonian sha le  p r o j e c t .  D e t a i l e d  a n a l y s i s  o f  p ro -  
b c i n g  f i e l d s  must be a v a i l a b l e  f o r  use by a l l  workers w i t h i n  the  ESGP p r o j e c t  when e v a l u a t i n g  t h e  
r e s u l t s  o f  t h e i r  a n a l y s i s  aga ins t  the p r a c t i c a l  y a r d s t i c k  o f  sha le  gas p roduc t i on .  

TCle Mount A l t o  F i e l d  (F igu re  1 ,  C o t t a g e v i l l e )  was s e l e c t e d  as the  i n i t i a l  s tudy  area because t h e  p r i -  
mary ope ra to r  w i t h i n  t h i s  f i e l d ,  t he  
f i e l d  and has e s t a b l i s h e d  c lose  work 
v e r y  coopera t i ve  a t t i t u d e  p reva len t  
f rom the  f i l e s  o f  severa l  gas compan 

We have a l s o  i n i t i a t e d  a groundwater 
Mount A l t o  qas f i e l d  area. The D O S S  

Consol idated Gas Supply Company, had i n i t i a t e d  a s tudy  o f  t he  
ng r e l a t i o n s h i p s  w i t h  ERDA and ERDA c o n t r a c t o r s .  We found a 
o t h a t  most p r o d u c t i o n  da ta  i s  a v a i l a b l e  and i s  be ing  compi led 
es o p e r a t i n g  i n  t h e  f i e l d .  

i n v e s t i g a t i o n  under t h e  d i r e c t i o n  o f  D r .  Henry Rauch i n  the  
b i l i t v  t h a t  a r e l a t i o n s h i D  e x i s t s  between qroundwater y i e l d s  and 

deep gas p r o d u c t i o n  f rom the  sha'le i s  based on  the  premise tha; f r a c t u r e  p o r o s i i y ,  which o f t e n  en- 
hances groundwater product ion ,  may a l s o  a f f e c t  p roduc t i on  f rom t h e  under l y ing  sha le .  Perhaps j u s t  as 
1 i k e l y  i s  t h e  p o s s i b i l i t y  t h a t  an inverse  r e l a t i o n s h i p  e x i s t s  between groundwater p roduc t i on  and p ro -  
d u c t i o n  o f  t h e  sha le .  T h i s  i s  p a r t i c u l a r l y  t r u e  i f  the f r a c t u r e  zone t h a t  produces enhanced ground- 
water recove r ies  extends through the  e n t i r e  s t r a t i g r a p h i c  s e c t i o n  t o  the  sha le .  Under these cond i -  
t i o n s  the  gas may be s l o w l y  escaping t o  t h e  sur face .  Whi le  t h e  p o s s i b i l i t i e s  o f  an i n t e r r e l a t i o n s h i p  
may be sma l l ,  i t  should be eva lua ted ,  and i f  the  p roduc t i on  c h a r a c t e r i s t i c s  from the  two d i f f e r e n t  
r e s e r v o i r s  a re  r e l a t e d ,  then groundwater p roduc t i on  cou ld  be used as a method f o r  l o c a t i n g  p r o d u c t i v e  
sha le  gas w e l l s .  Dur ing t h i s  summer we have sampled over  s i x t y  w e l l s .  Twenty a d d i t i o h a l  w e l l s  i n  t h e  
C o t t a g e v i l l e  area w i l l  be sampled t h i s  f a l l .  Inc luded i n  the  e v a l u a t i o n  a r e  such parameters as t h e  
temperature o f  t h e  groundwater, t h e  depth t o  water ,  y i e l d ,  and c o n d u c t i v i t y .  

Geophysical S tud ies  - K e i t h  G .  K i r k  

Several geophysical  methods have t h e  p o t e n t i a l  t o  l o c a t e  sha l l ow  f r a c t u r e  zones. I n  t h e  case o f  sha le  
gas, any geophysical  method adopted by opera to rs  t o  l o c a t e  f r a c t u r e s  must no t  be expensive because t h e  
marginal  economics o f  sha le  gas p roduc t i on  demands f r u g a l i t y  i n  e x p l o r a t i o n  expend i tu res .  

Our research program i n v e s t i g a t e s  the  p o s s i b i l i t y  o f  us ing  inexpens ive  (approx imate ly  $30,000 o f  e q u i p  
ment) sha l l ow-pene t ra t i on  r e s i s t i v i t y  and se ismic  dev ices  t o  r e a d i l y  l o c a t e  f r a c t u r e  zones. 

Three areas o f  i n v e s t i g a t i o n  (F igu re  1 )  have been s e l e c t e d  t o  t e s t  r e s i s t i v i t y  and se i sm ic  equipment 
aga ins t  known sha l l ow  f r a c t u r e  zones. We have m o d i f i e d  s tandard  low-frequency se ismic  equipment t o  
the  h igh- f requency  range w i t h  the  purpose o f  more p r e c i s e l y  d e f i n i n g  bed boundaries i n  o r d e r  t o  d e t e r -  
mine i f  f r a c t u r e s  and f a u l t s  w i t h  minor o f f s e t s  can be i d e n t i f i e d  by any one o f  the severa l  methods 
t o  be tes ted .  I f  r e s u l t s  a t  t he  t e s t  s i t e s  are encouraging, we in tend  t o  study the  Mount A l t o  (Cot- 
t a g e v i l l e )  sha le  gas f i e l d  and se lec ted  l ineaments w i t h i n  the Devonian shale gas produc ing  area t o  
determine i f  a c o r r e l a t i o n  e x i s t s  between f r a c t u r e s ,  l ineaments and shale gas p roduc t i on .  
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ABSTRACT 

I t  i s  impor tan t  t o  develop a program t o  eva lua te  the  i n f l u e n c e  o f  f r a c t u r e s  on p r o d u c t i o n  from Devo- 
n i a n  sha les  s ince  areas o f  secondary p o r o s i t y  a long f r a c t u r e s  and l ineaments have the  h ighes t  p r o -  
ducing w e l l s .  As p a r t  o f  t he  development o f  such a program a t  West V i r g i n i a  U n i v e r s i t y ,  geophysical  
methods a r e  under development t o  map f r a c t u r e s  and t o  r a p i d l y  ground t r u t h  f r a c t u r e  zones loca ted  by 
a e r i a l  photo  1 ineament a n a l y s i s .  

The t r i - p o t e n t i a l  e l e c t r i c a l  r e s i s t i v i t y  and h igh  f requency /h igh  r e s o l u t i o n  se i sm ic  p r o f i l i n g  w i t h  
h o r i z o n t a l  p o l a r i z e d  shear wave a n a l y s i s  a r e  be ing  t e s t e d  f o r  t h e i r  a p p l i c a b i l i t y  i n  l o c a t i n g  f r a c -  
t u res .  I n i t i a l  r e s u l t s  show the  t r i - p o t e n t i a l  survey i s  capable o f  r a p i d l y  accessing f r a c t u r e  zones 
a t  sha l l ow  depth. P r e l i m i n a r y  e v a l u a t i o n  i s  s t i l l  underway w i t h  the se ismic  techniques and shou ld  be 
complete by mid August 1978. T h e o r e t i c a l l y ,  much g r e a t e r  depth may be i n v e s t i g a t e d  w i t h  the  se ismic  
methods used. 

I NTRODUCT I ON 

I t  i s  w ide l y  accepted t h a t  most o f  the  p roduc t i on  f rom t h e  Devonian sha le  i s  a r e s u l t  o f  secondary 
p o r o s i t y ,  and t h a t  such secondary p o r o s i t y  should be g r e a t e s t  a long f r a c t u r e  zones and f a u l t s .  Whi le 
the re  has n o t  been a d e t a i l e d  s tudy  o f  the e f f e c t s  o f  f a u l t i n g  on sha le  p roduc t i on ,  t he re  i s  no o b v i -  
ous inc rease o f  gas f rom w e l l s  l oca ted  near the  W a r f i e l d  f a u l t  (see t e s t  s i t e  i n  F igu re  1 ) .  I n  the  
pas t  decade photo  l ineament a n a l y s i s  has been developed i n  an a t tempt  t o  l o c a t e  f r a c t u r e  zones t h a t  
show l i t t l e  o r  no displacement.  Water w e l l s  l oca ted  i n  o r  near these l ineaments o f t e n  have g r e a t  i n -  
crease i n  p r o d u c t i o n  o f  water volume. However, t he re  a re  a l s o  many occas ions  when w e l l s  l oca ted  i n  
t h i s  manner have shown no s i g n i f i c a n t  inc rease i n  p roduc t i on .  Since problems o f  sha le  gas p roduc t i on  
a re  s i m i l a r  to  those encountered i n  l o c a t i n g  water  w e l l s  i n  f r a c t u r e  zones, we are  deve lop ing  geophysi- 
c a l  methods t h a t  can r a p i d l y  access whether o r  n o t  a g i ven  photo  l ineament i s  assoc ia ted  w i t h  a f r a c -  
t u r e  zone, and more i m p o r t a n t l y ,  whether or n o t  the  f r a c t u r e  zone i s  assoc ia ted  w i t h  an inc rease i n  
p o r o s i t y .  T h i s  paper w i l l  b r i e f l y  o u t l i n e  two geophysical  methods t h a t  a re  be ing  t e s t e d  a t  West V i r -  
g i n i a  U n i v e r s i t y  t o  accompl ish the  task  o f  e v a l u a t i n g  photo  l ineaments f o r  t h e i r  p o t e n t i a l  zones o f  
h ighe r  p roduc t i on  o f  n a t u r a l  gas i n  the  Devonian sha les .  

The two techniques t h a t  a re  be ing  t e s t e d  a t  WVU a re  the  t r i - p o t e n t i a l  e l e c t r i c a l  r e s i s t i v i t y  method 
(TPER) and a se ismic  technique c a l l e d  sha l low h i g h - r e s o l u t i o n  r e f l e c t i o n  p r o f i l i n g  (SHRRP). 

THE TPER METHOD 

The TPER i s  a method o f  r e s i s t i v i t y  survey i n  which t h r e e  d i f f e r e n t  e 
These t h r e e  e l e c t r o d e  c o n f i g u r a t i o n s  a r e  shown i n  F igu re  3 . Res is t  
these c o n f i g u r a t i o n s .  

P r o f i l i n g  T r i - P o t e n t i a l  Survey 

In  the t r i - p o t e n t i a l  p r o f i l i n g  survey  the  f o u r  e l e c t r o d e s  are  kep t  a t  
a re  moved i n  a l i n e  across the  sur face .  I n  t h i s  way, a l a r g e  area i s  

survey i s  s t a n t  depth o f  i n v e s t i g a t i o n  i n  a s h o r t  t ime. T h i s  type  o f  
assoc ia ted  w i t h  l a t e r a l  v a r i a t i o n s  i n  r e s i s t i v i t i e s  such as 
c a v i t i e s ,  and f i l l e d  s inkho les .  

F rac tu re  Zones 

In  the f i e l d ,  a f r a c t u r e  can take  on 0ne o f  t h r e e  r e s i s t i v  
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cases: where the f r a c t u r e  i s  o f  a lower res is tance than the country rock,  where the f rac tu re  i s  of 
h igher res is tance than the country rock, and where there i s  no appreciable d i f f e rence  between the 
country rock and the f r a c t u r e .  I n  the f i r s t  two instances the f r a c t u r e  w i l l  show up e i t h e r  as a peak 
or a trough on a p r o f i l e  p l o t  o f  d is tance versus r e s i s t i v i t y .  I n  as much as a r e s i s t i v i t y  cont rast  
i s  necessary t o  l oca te  the f rac tu re ,  on l y  the f i r s t  two cases are o f  importance and w i l l  be discussed 

The case i n  which the f r a c t u r e  r e s i s t i v i t y  i s  h igher  than i n  the surrounding rock genera l l y  occurs i n  
areas where the parent rock i s  o f  low r e s i s t i v i t y  (0-450 ohm-ft) and where the f l u i d  i n  the porous 
zone along f ractures i s  o f  a h igher  res is tance than the surrounding rock. This  can a l so  occur i n  
areas where the f r a c t u r e  zones have been cemented, f o r  instance, by c a l c i t e  cement; such cemented 
layers act  as i n s u l a t o r s  when compared t o  the more conductive surrounding rock.  

Theore t i ca l l y ,  t h i s  s i t u a t i o n  can be modeled by use o f  a t h i n  v e r t i c a l  i n s u l a t i n g  sheet i n  a conduc- 
t i n g  medium. This was done by Carpenter (1955). I n  t h i s  t h e o r e t i c a l  example three cases were 
examined. These are: 

EGS-33 SHUMAKER, KIRK,  NUCKHOLS, LONG 

( i )  the case i n  which a l l  four  e lect rodes are on one side o f  the i n s u l a t i n g  sheet, 

( i i )  the case i n  which one o f  t h e  e lect rodes i s  on the opposi te s ide o f  the i n s u l a t i n g  sheet from the  
o the r  three, and 

( i i i )  the case i n  which two e lect rodes are on each s ide o f  the sheet. 

For case ( i ) ,  using 
apparent res i s t i v i  t y  

pa = P { l +  
cppc- i 

S i m i l a r l y ,  for the C 

mage theory, Carpenter has shown that  f o r  the e lect rode arrangement C 
between the two p o t e n t i a l  e lect rodes can be expressed by the  equation 

(2t+2)+/ (2 t -2) - 1 / (2 t + l  1 - 1/ ( 2 t -  1 1 I 

C2P2P1 con f igu ra t i on ,  

= p(1+3 I / t - ! / ( 2 t - 1 ) - 1 / ( 2 t + l ) )  pa 
ccpp- i 

and f o r  the e lect rode con f igu ra t i on  CiP1c2P2,  

Pa - p t  1+3(1/(2t+2)+1/(2t-2)-l/t) 1 
cpcp-i 

For case ( i i), Carpenter has shown t h a t  f o r  the e lect rode arrangement C1PlP2C2, 

Pa = pt1/2 +1 / (2 t+2 ) -1 / (2 t+ l ) I  
cppc-i i 

f o r  t he  C 1  C2P2P1 arrangement, 

Pa = P { 3/2+ (3/2) t -3/ (2t+ 1 ) } 
ccpp- i i 

and f o r  the e lec t rode  arrangement C l P i C 2 P p ,  

= -3pE 1/2t-1/ (2t+2) 1/2 .  pa 
cpcp-i i 

Note t h a t  i n  the l a s t  case, p a  

For case ( i i i )  and the e lect rode arrangement CiPlP2C2, 

--'is negat ive.  
cpcp-i i 

pa = p t2+1/ (2 t+2)+1/ (2-2t)  1 
cpcp-i i i 

PiP2C2 the  
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C,P,C2P2 a r r a y :  

ANALYSIS OF STRUCTURAL GEOLOGICAL PARAMETERS 

= p [ 3+3 ( I  / (2 t+2)+ 1 / (2-2 t )0 /21  
cpcp- i  i i 

p a  

where : 

EGS-33 

t = d/s 
s = e l e c t r o d e  spacing 
d = d i s tance  between the cen te r  o f  t h e  a r r a y  and t h e  i n s u l a t i n g  sheet 
p = r e s i s t i v i t y  o f  sur round ing  media 

From t h e  above e i g h t  equat ions ,  one can p l o t  apparent r e s i s t i v i t y  versus d i s t a n c e  t o  o b t a i n  t h e  
t h e o r e t i c a l  p l o t  o f  t he  r e s i s t i v i t y  d i s t r i b u t i o n  o f  t rave rses  ove r  a f r a c t u r e  f o r  each o f  the t h r e e  
e l e c t r o d e  a r r a y s .  As one can see, t he  
curve  i s  d i scon t inuous  a t  the c r i t i c a l  p o i n t s  where the  bounds o f  the  equat ions  rep resen t ing  these 
curves ove r lap .  I n  a c t u a l i t y ,  t h i s  t h e o r e t i c a l  curve i s  n o t  encountered i n  n a t u r e  because the  assulp- 
t i o n s  o f  nonconductance and i n f i n i  tes ima l  th ickness  o f  the  i n s u l a t i n g  sheet i n  the  t h e o r e t i c a l  model 
a re  n o t  met i n  the  f i e l d .  I n  the  f i e l d  one must account f o r  t h e  a c t u a l  r e s i s t i v i t y  and the  w i d t h  of 
t h e  f r a c t u r e  zone. A f o u r t h  v a r i a b l e ,  known as t h e  d e l t a  pe rcen t ,  i s  p resent  when the  t h r e e  r e s i s -  
tances measured f o r  each e l e c t r o d e  c o n f i g u r a t i o n  are  r e l a t e d .  T h i s  v a r i a b l e  i s  a measure o f  the  
l a t e r a l  he te rogene i t y  caused by the  f r a c t u r e  zone. T h i s  v a r i a b l e  i s  represented by t h e  equat ion :  

F igure  4 shows t h e  normal ized  p l o t  o f  these r e l a t i o n s h i p s .  

- R  - 
R 

CPPC 

Rcppc cpcp Rccpp x 100 + 
where 

Rcppc = Resistance o f  CPPC Ar ray  
Rcpcp = Resistance o f  CPCP A r ray  
Rccpp = Resistance o f  CCPP Ar ray  

F i e l d  r e s u l t s  us ing  the  TPER method c o n f i r m  the t h e o r e t i c a l  c a l c u l a t i o n s .  

Kars t  T e r r a i n  S i t e s  

P r o f i l i n g  surveys were used i n  se lec ted  s i t e s  o f  k a r s t  t e r r a i n s  t o  d e l i n e a t e  the  presence o f  f r a c t u r e  
zones, caverns, and f i l l e d  s inkho les .  The areas chosen a r e  i n  Monroe County, West V i r g i n i a  and Centre 
County and Bedford County, Pennsylvania.  

Several  survey p r o f i l e s  were run across  t h e  known f r a c t u r e s  assoc ia ted  w i t h  M i l l e r ' s  Cave i n  Centre 
County, Pennsylvania.  I n  t h i s  survey a ten  f o o t  e l e c t r o d e  spacing was used t o  keep the  cave (occur-  
r i n g  a t  a 40 f t  depth) f rom i n f l u e n c i n g  t h e  r e s i s t i v i t y  va lues .  
shown t h a t  t h e  f r a c t u r e  above the  cave t ransmi t s  su r face  water  underground. F igu re  5 shows p l o t s  o f  
r e s i s t i v i t y  and r e s i d u a l  r e s i s t i v i t y  versus d i s tance  from the  f r a c t u r e  f o r  one o f  t he  t rave rses .  I n  
t h i s  case the  CPPC r e s i s t i v i t y  and the  d e l t a  pe rcen t  r e s i d u a l  a re  p l o t t e d .  The anomaly assoc ia ted  
w i t h  t h i s  f r a c t u r e  and f i l l e d  s i n k h o l e  causes a decrease i n  r e s i s t i v i t y  over  t h e  f r a c t u r e .  T h i s  i s  
l o g i c a l  s ince  the  l imestone i n  t h i s  area has a h ighe r  r e s i s t i v i t y  than the  water  p e r c o l a t i n g  th rough 
the  f r a c t u r e .  v e r i f y i n g  the  presence o f  t h i s  f r a c -  
t u r e .  I n  each o f  t he  t rave rses  across t h i s  f r a c t u r e  t h e  CPCP a r r a y  showed t h e  g r e a t e r  response t o  
t h e  presence o f  t h e  f r a c t u r e .  

TPER p r o f i l i n g  surveys were a l s o  performed f o r  t h e  Un i ted  Sta tes  Bureau o f  Mines a t  t h e i r  Underground 
Coal G a s i f i c a t i o n  (UGC) s i t e  i n  Wetzel County, West V i r g i n i a  ( K i r k  1976).  These surveys were run  
across  areas where photo  1 ineament a n a l y s i s  i n d i c a t e d  t h e  presence o f  suspected f r a c t u r e  zones. The 
same genera l  response was encountered here as a t  t he  M i l l e r ' s  Cave s i t e  i n  Pennsylvania.  

R e s i s t i v i t i e s  t y p i c a l l y  encountered a t  t he  UGC s i t e  were i n  the  range o f  90 t o  300 ohm-ft,  and were 
predominant ly  below 200 ohm- f t .  Th is  i s  c o n s i s t e n t  w i t h  the  bedded sand and shales encountered a t  o r  
near the sur face  a t  the  s i t e .  A t  t h e  UGC s i t e  the  s o i l s  a r e  c l a y - r i c h ,  formed f rom grey a c i d  shales 
and f i n e - g r a i n e d  d i r t y  sandstones. The r e s i s t i v i t y  range encountered a t  t he  UGC s i t e ,  t h e r e f o r e ,  
seems t o  be r e a l i s t i c  f o r  t h i s  t e r r a i n .  

Past research  by Ebau (1973) has 

The d e l t a  percent  va lues  inc rease near the  cave 

For each t r a v e r s e  a t  L h i s  s i t e  two e l e c t r o d e  spacings were u t i l i z e d :  a 10 f o o t  spacing and a 40 foot 
spacing. The 10 f o o t  spacing was chosen because i t  was b e l i e v e d  t h a t  t h i s  would be the  minimum e l e c -  
t rodes  spac ing  r e q u i r e d  to de tec t  f r a c t u r e s  below the  t y p i c a l l y  two t o  f o u r  f o o t  t h i c k ,  h i g h l y  
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7 
compacted s o i l  zone. The 40 f o o t  spac ing  was chosen because i t  was es t ima ted  t h a t  any longer  a r r a y  
o f  cab les  and e l e c t r o d e s  would be unmanageable i n  the h e a v i l y  vegeta ted  areas where a number o f  t he  
surveys were t o  be run. 

Th is  s i t e  had been logged approx imate ly  40 years ago and, t h e r e f o r e ,  the  o l d  abandoned l o g g i n g  roads 
t h a t  ran  p a r a l l e l  t o  t h e  h i l l  con tours  were used f o r  t h r e e  o f  the  p r o f i l e  l i n e s .  The remainder o f  
the  p r o f i l e s  were run  i n  the v a l l e y  bo t tom areas a t  the  s i t e .  Approximately two weeks were r e q u i r e d  
t o  c l e a r  the  o l d  l ogg ing  roads and p o r t i o n s  o f  the  v a l l e y  be fo re  the  r e s i s t i v i t y  p r o f i l e s  cou ld  be 
run. A l l  of t h i s  f i e l d  da ta  was c o l l e c t e d  us ing  a S o i l  Tes t  model R-40 Ter ra  Scout r e s i s t i v i t y  meter 
t h a t  had been mod i f i ed  by the  i n s t a l l a t i o n  o f  a s w i t c h i n g  c i r c u i t  t o  f a c i l i t a t e  the  r a p i d  change from 
one e l e c t r o d e  a r r a y  t o  another .  

EGS-33 SHUMAKER , LIE<, NL'Ci;I:OLS, LONG 

F igu re  6 shows t h e  r e s u l t s  o f  a TPER p r o f i l i n g  survey run across  the  two l ineaments t h a t  were map- 
ped by us ing  low a l t i t u d e  imagery. The response o f  t h e  TPER method t o  these f r a c t u r e s  would i n d i c a t e  
t h a t  they  a re  sha l l ow  because o f  t he  d e l t a  percent  r e s i d u a l  drop o f f  w i t h  depth  a t  the 40 f t  e l e c -  
t r o d e  spacing. 
surveys were run across the  f r a c t u r e  zone. 

No p r e c i s e  de te rm ina t ion  o f  t h e  f r a c t u r e  depth  can be made s ince  o n l y  two d i f f e r e n t  

The d e l t a  pe rcen t  p l o t  f o r  the ten  f o o t  e l e c t r o d e  spacing i s  o f  i n t e r e s t  s i n c e  i t  responds a t  two 
p o i n t s  a long t h e  t rave rse .  
v e r t i c a l  r e s i s t i v i t y  boundary o r  zone. The d i s tance  between the two maximum p o i n t s  f o r  t he  ten  f o o t  
spacing a long  the  t r a v e r s e  suggests t h a t  t he  f r a c t u r e  zone i s  approx imate ly  f i f t y  f ee t  wide. A 
s i m i l a r  response was ob ta ined  a t  t rave rse  C - C '  as i t  passed across t h e  f r a c t u r e  bear ing  1 1 5 " .  

T h i s  f r a c t u r e  zone was assoc ia ted  w i t h  a l ineament t h a t  was mapped us ing  h i g h  a l t i t u d e  i n f r a  red  
photography. I t  i s  impor tan t  t o  no te  t h a t  even though b o t h  r e s i s t i v i t y  and a e r i a l  photography i n d i -  
ca te  the presence o f  t h i s  f r a c t u r e  zone the  w e l l  da ta  a v a i l a b l e  a t  the  s i t e  does n o t  show any d i s -  
placement across t h i s  f r a c t u r e  zone. 

T h e o r e t i c a l l y  t h i s  type  o f  response would r e s u l t  as one passes across a 

THE SHRRP METHOD 

I n  the pas t  t e n  years advances i n  d i g i t a l  e l e c t r o n i c s  and d i g i t a l  da ta  p rocess ing  have l e d  t o  a new 
genera t ion  o f  seismographs. 
increased c a p a b i l i t y  t o  reso lve  bed boundar ies.  
beds as t h i n  as s i x  inches can be de tec ted .  U n l i k e  t h e i r  analog coun te rpa r t s  these new d i g i t a l  i n -  
struments a r e  capable o f  i n v e s t i g a t i n g  sha l low as w e l l  as deep s t r u c t u r e s .  Th is  c a p a b i l i t y  opens up 
new areas o f  se ismic  i n v e s t i g a t i o n s .  These inc lude  m in ing  a p p l i c a t i o n s  t o  the  coal  i n d u s t r y  i n  lo- 
c a t i n g  sand channels and abandoned workings, a p p l i c a t i o n s  t o  eng ineer ing  geology f o r  s i t e  eva lua t i on ,  
and seismometr ic mapping i n  unconso l ida ted  sediments f o r  t h e  hyd rogeo log is t .  Most impor tan t  i n  
regards t o  ou r  research p r o i e c t .  we b e l i e v e  t h a t  t h i s  technique has the  p o t e n t i a l  t o  d e f i n e  f r a c t u r e  

These signal-enhancement dynamic d i g i t a l  seismographs have a g r e a t l y  
Using t h e  bes t  technology and under i d e a l  c o n d i t i o n s  

. -  
zones and f a u l t s  o f  ve ry  smal l  d isplacement.  

In  t h e  SHRRP technique, i t  i s  impor tan t  t h a t  t he  h 
Th is  i s  t r u e  because r e s o l u t i o n ,  d e f i n e d  as the  t h  
frequency. Th is  can be expressed by t h e  e m p i r i c a l  

R - V/(4.'R.f) 
where: R = r e s o l u t i o n  

V = v e l o c i t y  
f = frequency 

ghest p o s s i b l e  f requency se ismic  waves be used. 
nnest de tec tab le  bed i s  i n v e r s e l y  p r o p o r t i o n a l  t o  
equat ion :  

A t  the common v e l o c i t i e s  (7000 t o  15,000 f t / s e c )  o f  sedimentary rocks,  t h e  20hz wave can o n l y  re -  
so l ve  a t  bes t  those beds g r e a t e r  than 28 f e e t  t h i c k .  
so l ve  beds a s  t h i n  a s  1.4 f e e t .  T h i s  i s  a 20 f o l d  inc rease.  

F igu re  7 
i n t e r r e l a t i o n s h i p  between r e s o l u t i o n  and frequency can be r e a d i l y  observed. 

Most o f  t h e  i n v e s t i g a t i o n s  us ing  t h e  SHRRP techn iqueare  s t i l l  i n  t h e  developmental stage a t  West 
V i r g i n i a  U n i v e r s i t y ,  and the re fo re ,  no s p e c i f i c  f i e l d  t e s t  r e s u l t s  can be descr ibed.  
s u l t s  do show t h a t  the techn ique has g rea t  promise f o r  b e t t e r  d e f i n i t i o n  o f  f r a c t u r e  zones. Recent 
d i scuss ions  w i t h  D r .  Fa r r  f rom Western Geophysical and D r .  Coan from Con t inen ta l  O i l  Company, who 
have been i n v e s t i g a t i n g  s i m i l a r  techniques over t h e  pas t  severa l  years ,  show comparable encouraging 
r e s u l t s .  
t h e i r  t e s t s .  

For the  same v e l o c i t y  t h e  400hz s i g n a l  can re -  

shows a p l o t  o f  t he  same equa t ion  w i t h  f requency as t h e  independant v a r i a b l e ,  and t h e  

P r e l i m i n a r y  r e -  

The p r o p r i e t a r y  n a t u r e  o f  t h e i r  research does no t  pe rm i t  d i s c l o s i n g  t h e  s p e c i f i c  r e s u l t s  o f  
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Concl us i on 

ANALYSIS OF STRUCTURAL GEOLOGICAL PARAMETERS EGS-33 

The TPER and SHRRP techniques are  be ing  used a t  West V i r g i n i a  U n i v e r s i t y  t o  i n v e s t i g a t e  f r a c t u r e  
zones t h a t  can be i n i t i a l l y  l oca ted  by photo  l ineament a n a l y s i s .  
b t3d  ir p rev ious  research a t  t he  Un ive rs i t y ,and  i t  has been proven capable o f  l o c a t i n g  f r a c t u r e  zones 
a t  depths o f  up t o  one hundred f e e t  f rom t h e  su r face .  The SHRRP techn ique i s  i n  the  e a r l y  develop- 
mental s tage.  Our t h e o r e t i c a l  i n v e s t i g a t i o n s  and i n i t i a l  t e s t s ,  and independent p r e l i m i n a r y  t e s t  by 
F a r r  and Coan (personal  communication) suggest t h a t  t h e  SHRRP techniques has s i m i l a r  c a p a b i l i t y .  AS 
designed i n  our  program t h i s  techn ique shou ld  be inexpensive when compared t o  o t h e r  se ismic  programs 
designed f o r  l o c a t i n g  f r a c t u r e  zones. 
problems encountered i n  the  search f o r  energy resources, and i t  shou ld  have the  a d d i t i o n a l  advantage 
o f  p resen t ing  data i n  the  form o f  g e o l o g i c a l l y  r e a l i s t i c  s e c t i o n s .  

The TPER techn ique has been eva lu -  

I t  should have wide a p p l i c a t i o n s  f o r  s o l v i n g  o the r  geo log i c  

P R O D U C T I O N  CHARACTERISTICS OF DEVONIAN 
O R G A N I C  SHALES I N  THE COTTAGEVILLE 
FIELD NEAR R I P L E Y ,  WEST V I R G I N I A  

E .  B .  Nuckols I l l  
Department o f  Geology and Geography 

West V i r g i n i a  U n i v e r s i t y  
305 White H a l l  

Morgantown, WV 26506 

ABSTRACT 

E x p l o r a t i o n  f o r  and development o f  upper Devonian o r g a n i c  shales ("Brown Shales") i n  the  Cottagevi  1 l e  
F i e l d  s t a r t e d  i n  the  l a t e  l92O's. Continued development has lead t o  the  d r i l l i n g  o f  over  one hundred 
shale w e l l s  w i t h  accumulat ive p roduc t i on  o f  more than 10 b i l l i o n  cub ic  f e e t  o f  n a t u r a l  gas. Data 
i n d i c a t e s  p r imary  p roduc t i on  f rom zones o f  o r g a n i c  sha les  i n  the  Huron member o f  the  Ohio Shale 
Formation. Due t o  the  ex t remely  low p o r o s i t y  and p e r m e a b i l i t y  o f  these sha les ,  p roduc t i on  o f  gas i s  
considered t o  be through n a t u r a l  f r a c t u r e s .  

H i s t o r i c a l l y ,  p roduc t i on  o f  gas was e i t h e r  n a t u r a l  o r  by s t i m u l a t i o n  w i t h  g e l l e d  ammonium n i t r a t e .  
Wel ls  w i t h  meager gas f l ows  were no rma l l y  s t i m u l a t e d  through "shoot ing",  bu t  success i n  reach ing  
n a t u r a l  f r a c t u r e  rese rvo i  rs,and thus  reach ing  product ion,has v a r i e d .  P roduc t i on  t rends ,  t rends  o f  
w e l l s  which have t h e  l a r g e s t  n a t u r a l  f l ows ,  f l o w  a f t e r  s t i m u l a t i o n ,  gas shows, and s t r u c t u r a l  maps, 
a l l  i n d i c a t e  an o r i e n t a t i o n  o f  approx imate ly  N 40" E f o r  t he  f i e l d  w i t h  d e f i n i t e  l i m i t s  t o  i t ' s  acrid 
e x t e n t  . 

I NTRODUCT I ON 

Upper Devonian sha le  depos i t s  u n d e r l i e  a major p o r t i o n  o f  t h e  Appalachian, Michigan and I l l i n o i s  
Basins (F igu re  8 ) .  W i t h i n  t h e  Appalachian Basin,  t h e  major Devonian sha le  gas produc ing  s t a t e s  are  
Kentucky, Ohio, V i r g i n i a  and West V i r g i n i a .  W i th in  these s t a t e s  a t o t a l  o f  more than 9,600 produc- 
t i v e  sha le  gas w e l l s  have been d r i l l e d .  W i t h i n  e x i s t i n g  sha le  p roduc t i on  o f  nor thwestern  West V i r -  
g i n i a  (F igu re  9 ) ,  t he  C o t t a g e v i l l e  Gas F i e l d  may be t h e  o n l y  t r u e  "shale" p roduc ing  f i e l d .  Other 
f i e l d s  found w i t h i n  t h i s  general  area a r e  produc ing  from midd le  and upper Devonian s i l t s t o l e  and 
s a n d - s i l t s t o n e  l i t h o l o g i e s .  The C o t t a g e v i l l e  Gas F i e l d  i s  l oca ted  near the  West V i r g i n i a - O h i o  border  
i n  the  West V i r g i n i a  coun t ies  o f  Mason and Jackson. F igu re  10 shows t h e  general  l o c a t i o n  and con f ig -  
u r a t i o n  o f  t h e  gas f i e l d  w i t h  Or iskany  and "Newburg" gas we1 Is f l a n k i n g  t h e  sha le  we1 Is on t h e  eas t  
and n o r t h .  

GEOLOGIC SETTING 

The Devonian age fo rmat ions  t h a t  under1 i e  the  Cot tagev i  1 l e  Gas F i e l d  a re  approx imate ly  2,300 fee t  
t h i c k .  The midd le  and upper Devonian shales comprisong the  upper 2,100 f e e t  o f  t he  t o t a l  s e c t i o n .  
The upper con tac t  o f  t h e  Devonian shales i s  p laced a t  the  base o f  t h e  M i s s i s s i p p i a n  Age Berea sand- 
stone, and t h e  lower con tac t  i s  w i t h  the  Onondaga l imestone.  W i t h i n  t h i s  p redominant ly  sha le  sec t i on  
a r e  found l i g h t  g rey  t o  brown-black shales,  l i g h t  t o  medium grey s i l t s t o n e s  and ve ry  r a r e l y  w h i t e  t o  
l i g h t  g rey  sandstones. Of  these d i f f e r e n t  l i t h o l o g i e s ,  the  dark  o rgan ic  r i c h  sha le  zones occupy 
approx imate ly  350 f ee t  o r  15 Percent o f  t he  e n t i r e  sha le  sec t i on .  These h i g h l y  o r g a n i c  sha le  zones 
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occur i n  th ree  s t r a t i g r a p h i c a l l y  d i s t i n c t  p o r t i o n s  o f  t h e  sha le  s e c t i o n ,  and they  a re  e a s i l y  r e -  
cogn izab le  on gamna-ray and d e n s i t y  l ogs  (F igu re  11) .  The upper two o r g a n i c  zones (Zones I I and I I I )  
a re  found w i t h i n  the  Huron sha le  member o f  t h e  Ohio Shale Formation. These two zones a re  main ly  com- 
posed o f  dark brown-black o r g a n i c  r i c h  shales,  b u t  o c c a s i o n a l l y  they  have l i g h t  t o  medium grey  sha le  
and s i l t s t o n e  in te rbeds .  
l i t h o l o q i e s  o f  sha le  and s i l t s t o n e  w i t h  an occass iona l  t h i n  o r q a n i c  sha le  bed. W i t h i n  the  Cottage- 

Separa t ing  t h e  lower and upper o r g a n i c  r i c h  sha le  zones o f  t he  Huron a r e  

v i l l e  Gas F i e l d ,  these two zones have an average comb 
main r e s e r v o i r s  o f  Devonian sha le  gas p roduc t i on .  Be 
i s  a t h i r d  o r g a n i c  zone found i n  the  Olentangy Format 
Shale, t h i s  o r g a n i c  r i c h  sha le  has in te rbeds  o f  l i g h t  
gan ic  r i c h  sha le  has an average th i ckness  o f  100 f e e t  
Cottagevi  1 l e  area. 

Regional east-west c o r r e l a t i o n s  o f  t he  Devonian sha le  
d e p o s i t i o n  o f  t h e  Huron o r g a n i c  r i c h  sha le  zones j u s t  

ned th i ckness  o f  250 f e e t ,  and they a re  t h e  
ow these two o r g a n i c  zones found i n  t h e  Huron 
on. L i k e  t h e  younger sha les  found i n  t h e  Huron 
t o  medium grey sha le  and s i l t s t o n e s .  T h i s  o r -  
and has r a r e l y  produced any gas w i t h i n  the  

sequence (F igu re  12) i n d i c a t e d  the  absence o f  
t o  t h e  eas t  o f  t h e  C o t t a g e v i l l e  f i e l d .  The 

gradual  f a c i e s  change o f  t h e  o r g a n i c  shales t o  t h e  eas t  seems t o  c o i n c i d e  w i t h  the  western  edge o f  t he  
Rome Trough, thereby  i n d i c a t i n g  a change i n  the  d e p o s i t i o n a l  environment.  The western edge o f  t h e  
t rough i s  a basement f a u l t  o r  f a u l t  zone (Shumaker unpubl ished map) t h a t  may have c rea ted  t h e  s t r e s s  
f i e l d s  (F igu re  13) t h a t  would c rea te  o r  open the f r a c t u r e s  i n  the sha le  t h a t  a re  necessary t o  the  
p r o d u c t i o n  o f  n a t u r a l  gas. 

PRODUCT I ON CHARACTER1 ST I CS 

D r i l l i n g  f o r  sha le  gas i n  t h e  C o t t a g e v i l l e  area began October 9, 1929, when C i t i e s  Serv ice  d r i l l e d  
t h e i r  f i r s t  "shale" w e l l .  
w e l l  had a n a t u r a l  open f l o w  o f  o n l y  4.6 Mcf and a 213 Mcf f i n a l  f l o w  a f t e r  s t i m u l a t i o n  by "shooting!' 
A t  t h a t  t ime, a w e l l  w i t h  such a smal l  f l o w  cou ld  h a r d l y  compete w i t h  t h e  sha l lower  "plays" i n  the  
Berea and l n j u n  sands which annua l l y  produced w e l l s  w i t h  n a t u r a l  f lows o f  severa l  m i l l i o n  cub ic  fee t  
o f  gas. However, as t h e  f i e l d  developed, w e l l s  w i t h  open f lows up t o  3.4 m i l l i o n  cub ic  fee t  of gas 
we d r i l l e d ,  and t h i s  encouraged a d d i t i o n a l  developmental d r i l l i n g .  

The p r imary  t a r g e t  f o r  d r i l l i n g  has been t h e  h i g h l y  o rgan ic  sha le  zones (Zones I I  and I l l )  o f  t h e  
Huron sha le  member o f  t he  Ohio Shale (known i n  Ohio as t h e  B i g  and L i t t l e  Cinnamon). A t y p i c a l  d r i l -  
l i n g  program invo lves  s e t t i n g  a s t r i n g  o f  cas ing  j u s t  below t h e  Berea sandstone. The Berea sandstone 
and sha l lower  S a l t  sands o f  t h i s  area produce l a r g e  volumes o f  s a l t w a t e r ,  and t h e r e f o r e ,  they  must be 
cased o f f  t o  i n s u r e  a comple t ion  i n  the  Devonian sha le  s e c t i o n .  A f t e r  t h e  cas ing  i s  se t ,  t h e  w e l l  i s  
u s u a l l y  d r i l l e d  t o  a p o i n t  j u s t  below the  lower o r g a n i c  sha le  zone (Zone 1 1 )  o f  t h e  Huron sha le .  A t  
t h a t  depth, t he  fo rma t ion  i s  u s u a l l y  t e s t e d  and a d e c i s i o n  i s  made whether t o  produce t h e  w e l l  naturd-. 
l y ,  i f  t h e r e  i s  s u f f i c i e n t  n a t u r a l  f l o w ,  o r  t o  s t i m u l a t e  the  w e l l  by shoot ing  i f  the re  i s  no f l ow  o f  
gas o r  a f l o w  up t o  severa l  hundred thousand cub ic  f e e t  o f  gas. Shoot ing a w e l l  means t h a t  c a n i s t e r s  
o f  80% g e l l e d  n i t r o g l y c e r i n e  a re  lowered i n t o  t h e  bore  h o l e  and then detonated. H i s t o r i c a l l y ,  t h i s  
has proved t o  be the  bes t  method o f  s t i m u l a t i n g  sha le  w e l l s  w i t h  smal l  n a t u r a l  f l ows .  Some v a r i a t i o n  
i n  shoo t ing  techn iques  such as l ' tamping" t h e  shot w i t h  pea grave l  t o  con ta in  t h e  exp los ion ,  thereby 
h o p e f u l l y  r e t a i n i n g  more energy t o  f r a c t u r e  the  sha le ,  have been t r i e d .  U n t i l  t he  l a t e  1960's, d r i l -  
l i n g  w i t h i n  t h e  f i e l d  was done e x c l u s i v e l y  by cab le  t o o l  d r i l l i n g  r i g s .  T h i s  meant t h a t  w e l l s  which 
were s t i m u l a t e d  by shoo t ing  (open h o l e  w i thou t  tamping t h e  sho t )  ran the r i s k  o f  be ing  clogged by 
rubb le  f rom the  shot o r  i f  the  shot went smoothly the  h o l e  would "blow1' i t s e l f  c lean.  Th is  clean-up 
aspect o f  p r o d u c t i o n  s t i m u l a t i o n  was ve ry  c r i t i c a l ,  because a shot t h a t  d i d  n o t  c lean  the  h o l e  s tood 
the  chance o f  l o s i n g  a p a r t  o r  even a l l  o f  i t ' s  p roduc t i on  p o t e n t i a l .  Wi th  the  adop t ion  o f  a i r  
r o t a r y  d r i l l i n g ,  w e l l s  cou ld  e i t h e r  be "tamped" o r  sho t  n a t u r a l l y ,  and then c a r e f u l  r e e n t r y  techn iques  
cou ld  be used t o  s u c c e s s f u l l y  c lean o u t  t h e  remaining rubb le .  

A f t e r  some f o u r t y - e i g h t  years  o f  i n - f i e l d  d r i l l i n g ,  ove r  one hundred sha le  w e l l s  have been d r i l l e d  i n  
the  C o t t a g e v i l l e  F i e l d .  Consol idated Gas Supply Corpora t ion  has d r i l l e d  m r e  w e l l s  than any company 
( 4 3 ) ;  Columbia Gas Transmission Corpora t ion  and C i t i e s  Serv ice  have d r i l l e d  17 and 16 r e s p e c t i v e l y .  
The h ighes t  n a t u r a l  f l ow  encountered was 3480 Mcf w i t h  the  h ighes t  s t i m u l a t e d  f l o w  be ing  1981 Mcf 
( t h i s  w e l l  had o n l y  a n a t u r a l  f l o w  o f  36 Mcf ) .  With t h e  passage o f  t ime ,  rock  pressures  have genera l -  
l y  decreased as the  number o f  w e l l s  d r i l l e d  t o  t h e  r e s e r v o i r  increased. The h ighes t  i n i t i a l  rock  
pressure  taken was 1000 pounds pe r  square i nch  e a r l y  i n  the  h i s t o r y  o f  t h i s  f i e l d .  Several  w e l l s  have 
good p roduc t i on  h i s t o r i e s ,  but  one i n  p a r t i c u l a r  has produced ove r  952,500 Mcf i n  twen ty -s i x  years 
and i s  s t i l l  p roduc ing .  
f i e l d :  

Th is  w e l l  proved t o  be a meager beg inn ing  f o r  the  sha le  f i e l d  as t h e i r  

Found below a r e  a few s t a t i s t i c a l  averages concern ing  p roduc t i on  w i t h i n  t h e  
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NATURAL OPEN FLOWS (81 w e l l s )  188.2 Mcf 
FLOWS AFTER SHOT STIMULATION (90 w e l l s )  355 Mcf 
ROCK PRESSURE TEST ( I  bs/ps i ) 639.6 
ACCUMULATIVE PRODUCTION (77 w e l l s )  10.08 Bcf 
AVERAGE ACCUMULAT I VE PRODUCT I ON PER WELL 137.7 Mcf 

EGS-33 

EFFECT OF R E S E R V O I R  FRACTURING 

O f  t he  t h r e e  o r g a n i c  r i c h  sha le  zones w i t h i n  the  Devonian sha le  sec t i on ,  o n l y  t h e  Huron o r g a n i c  
shales have been e x t e n s i v e l y  d r i l l e d  and s t imu la ted .  The p r imary  gas r e s e r v o i r  i n  t h e  C o t t a g e v i l l e  
Gas F i e l d  i s  t he  lower o rgan ic  sha le  zone o f  t he  Huron (Mar t i n  and Nuckols, 1974). 
t h i s  o rgan ic  shale zone by shoo t ing  has g r e a t l y  inc reased t h e  volume o f  gas produced from t h i s  f i e l d .  
However, the gas probab ly  comes from n a t u r a l l y  o c c u r i n g  open f r a c t u r e s  t h a t  were e i t h e r  pene t ra ted  by 
d r i l l i n g  o r  t h a t  were in te rconnected  t o  the  w e l l  bore by shoo t ing .  

I n  1975, Conso l ida ted  Gas Supply Corpora t ion  and the  Energy Research and Development A d m i n i s t r a t i o n  
en te red  i n t o  an agreement t o  core  and analyze t h e  sha le  s e c t i o n  f o r  two w e l l s  i n  the C o t t a g e v i l l e  
F i e l d .  The f i r s t  core was taken i n  a w e l l  near t h e  Jackson-Mason County l i n e .  Cor ing o f  the  lower  
Huron sha le  was i n t e r r u p t e d  when an i n i t i a l  gas f l o w  o f  approx imate ly  3.5 MMcf was encountered ( t h i s  
f l o w  f i n a l l y  s t a b i l i z e d  a t  1007 Mc f ) .  Close i n s p e c t i o n  o f  t he  core  revea led  n a t u r a l  f r a c t u r e s  w i t h  
secondary depos i t s  o f  do lomi te  and c a l c i t e  a long  the  f r a c t u r e  p lane j u s t  above the  zone t h a t  en- 
countered t h e  l a r g e  gas f low.  A core  was taken i n  a second w e l l  d r i l l e d  i n  the  northwest p o r t i o n  o f  
t he  f i e l d .  U n l i k e  the  f i r s t  core ,  t h e r e  were few n a t u r a l  f r a c t u r e s  i n  t h e  o r g m i c  shales,  and t h e  
w e l l  t e s t e d  no n a t u r a l  open f l o w .  D e t a i l e d  l a b o r a t o r y  a n a l y s i s  o f  bo th  cores revealed very  low mat- 
r i x  p o r o s i t i e s  ( l e s s  than 3% average) and p e r m e a b i l i t i e s  ( l e s s  than .01 m i l l i d a r c y ) .  I n  as much as 
t h e  rock o f  bo th  cores a re  l i t h o l o g i c a l l y  s i m i l a r ,  we presume t h a t  t h e  main d i f f e r e n c e  i n  p e r m a b i l i -  
t y  r e l a t e  d i r e c t l y  t o  the f r a c t u r e s .  Th is  was the  f i r s t  d i r e c t  evidence t h a t  f r a c t u r i n g  i s  c r i t i c a l  
t o  p roduc t i on ,  a conc lus ion  t h a t  most g e o l o g i s t s  and eng ineers  had presumed t o  be t r u e .  Format ion 
e v a l u a t i o n  o f  f r a c t u r e d  r e s e r v o i r s  i s  always d i f f i c u l t .  E v a l u a t i o n  o f  t h e  o rgan ic  sha les  th rough 
e l e c t r i c a l  logs has proved e f f e c t i v e  t o  some degree, bu t  no t  conc lus i ve  by any means. A major draw- 
back i s  t h a t  almost a l l  sha le  w e l l s  i n  the  Appalachian Basin a r e  d r i l l e d  by a i r  r o t a r i e s ,  and t h e  
bore ho les  a re  logged a i r - f i l l e d .  Gamna-ray l o g g i n g  has proved ve ry  use fu l  f o r  s t r a t i g r a p h i c  c o r -  
r e l a t i o n  as the  o r g a n i c  shale i s  n a t u r a l l y  r a d i o a c t i v e ,  and Dens i t y  logs  permi t  d i s c r i m i n a t i o n  o f  
l ess  dense zones t h a t  a r e  u s u a l l y  c h a r a c t e r i s t i c  o f  t h e  o r g a n i c  sha les .  The l a s t  few years has seen 
t h e  development o f  a c o u s t i c  t o o l s  f o r  t h e  d e t e c t i o n  o f  gas. The c o u p l i n g  o f  gamma ray ,  temperature 
and a c o u s t i c  logs  has enabled t h e  log  a n a l y s i s  t o  p i n p o i n t  ( w i t h i n  1 t o  2 f e e t )  gas e n t r y  i n t o  t h e  
w e l l  bore from the  o r g a n i c  sha les .  Th is  procedure o n l y  l o c a t e s  the  f r a c t u r z  by inference,and i t  does 
n o t  i n  any way determine the  o r i e n t a t i o n  o f  t he  f r a c t u r e .  Only th rough c o r i n g  has t h e  o r i e n t a t i o n  o f  
t he  f r a c t u r e  p a t t e r n s  been del  inea ted .  

S t i m u l a t i o n  O f  

Produc t ion  c h a r a c t e r i s t i c s  o f  t he  f i e l d  may i n d i r e c t l y  i n d i c a t e  f r a c t u r e  t rends  i n  the r e s e r v o i r .  I t  
would be expected t h a t  t h e  t r e n d  o f  open f r a c t u r e s  would be r e f l e c t e d  by l i n e a r i t y  o f  many produc ing  
parameters. To t e s t  t h i s  assumption p r e l i m i n a r y  i sopressure ,  i s o f l o w  and i sop roduc t i on  maps were 
drawn t o  see i f  t h e r e  were any prominent l i n e a r  t rends .  

The isopressure  map (F igu re  14) was cons t ruc ted  from we1 I-head pressures  taken immediately a f t e r  com- 
p l e t i o n  o f  t he  w e l l  bu t  p r i o r  t o  the  w e l l s  i n i t i a l  p r o d u c t i o n .  There a re  two important mod i fy ing  
f a c t o r s  t h a t  compl i c a t e  i n t e r p r e t a t i o n  o f  t he  data and r e s u l t i n g  map. F i r s t  , t h e  we l l -head pressures  
were taken a t  va r ious  t imes a f t e r  comple t ion  o f  t h e  w e l l s .  Shu t - i n  t imes ranged from a few hours t o  
fou r teen  days. Secondly, r e g i s t r a t i o n  o f  t r u e  fo rma t ion  p ressu re  ( w e l l s  t h a t  were s h u t - i n  for o n l y  a 
few hours p robab ly  d i d  n o t  reach t h e i r  f u l l  p o t e n t i a l  rock  pressure)  may be a l t e r e d  by rubb le  i n  a 
w e l l  bore f rom the  shot  o r  cav ing  s h o r t l y  a f t e r  t h e  w i thdrawal  o f  d r i l l i n g  equipment. T h i s  r u b b l e  
may b l o c k  o f f  some produc t ion ,  reduce the i n i t i a l  r o c k  pressure  t e s t .  

A l ess  impor tan t  fac to r  i n  ana lyz ing  i n i t i a l  rock  pressure  t e s t  i s  t h e  p o s s i b i l i t y  t h a t  n o t  a l l  o f  
t h e  gas i s  be ing  produced f rom the  zone o f  i n t e r e s t ,  and t h e  gas cou ld  be coming from a sha l l ow  zone 
w i t h  less  pressure .  From the  isopressure  map (F igu re  14)  an obvious l i n e a r  t r e n d  o f  approx imate ly  
N 40" E can be seen. A genera l  l i n e a r  t rough  o f  low pressures  t rends  through t h e  a x i s  o f  t h e  f i e l d ,  
bu t  t h e r e  a re  two areas o f  h i g h  pressure  i n  the  n o r t h  c e n t r a l  p o r t i o n  o f  t he  f i e l d .  F lank ing  t h i s  
t rough on e i t h e r  s i d e  a r e  areas t h a t  a r e  i n t e r p r e t e d  t o  be a t  t h e i r ' l v i r g i n "  rock  pressures .  The two 
h i g h  pressure  areas i n  t h e  n o r t h  c e n t r a l  p o r t i o n  o f  t h e  f i e l d  were d r i l l e d  e a r l y  i n  the  development 
o f  t he  f i e l d .  The f i g u r e s  i n  these two areas may be v i r g i n  rock  pressures i f  pressure  t e s t s  on t h e  
o u t e r  l i m i t s  o f  t he  f i e l d  a re  accura te .  Low "bulge" areas o f  low rock  pressures normal t o  t h e  a x i a l  
t r e n d  o f  t h e  f i e l d  a re  t h o u g k t o  r e f l e c t  the more recen t  f a t e  o f  d r i l l i n g  i n  these areas .  P r e l i m i -  
na ry  i nspec t i on  o f  i n i t i a l  rock-pressure data i n d i c a t e s  a l i n e a r  r e l a t i o n s h i p  between rock pressure  
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@nd tlm. As u e l  Is a r e  d r i l l e d  r o c k  pressures  d e c l i n e .  A t  the present  t ime, d r i  1 1  i ng  encounters 
pressures t h a t  a r e  o n l y  35 t o  40 percent  o f  o r i g i n a l  f i e l d  p ressures .  
i n v e s t i g a t e  t h e  r e l a t i o n s h i p s  between f i e l d  p roduc t i on  and d e c l i n i n g  r e s e r v o i r  p ressure .  
i n t e r e s t  w i l l  be the  ex ten t  o f  l i n e a r i t y  w i t h  t h e  passage o f  t ime .  

An i s o f l o w  map (F igu re  IS) was cons t ruc ted  from f i n a l  open f l o w  data .  The da ta  on t h i s  p r e l i m i n a r y  
map does no t  d i s c r i m i n a t e  as t o  whether the w e l l  produced n a t u r a l l y  o r  whether i t  has been s t i m u l a t e d  
Open f l o w  t e s t s  should a l s o  be e f f e c t e d  by the amount o f  t ime  p e r m i t t e d  between the  t e s t  and t h e  t i m e  
the w e l l  was completed. Na tu ra l  open f l o w  t e s t s  on severa l  w e l l s  were taken immediately a f t e r  t h e  
w e l l  was s t i m u l a t e d  by shoo t ing  ( l e s s  than th ree  h o u r s ) .  Other t e s t s  were taken severa l  days a f t e r  
comple t ion .  Again, we hope t o  normal ize  the  da ta  f o r  more accu ra te  comparison between w e l l s .  The 
area o f  h ighes t  f l o w  i s  i n  the southern p a r t  o f  t h e  f i e l d  j u s t  n o r t h  of the  Jackson-Mason county l i n e  
These nor theas t -southeas t  l i n e a r  t rends  may aga in  r e f l e c t  t h e  t r e n d  o f  open f r a c t u r e s  i n  t h e  rese r -  

We in tend  t o  more tho rough ly  
Of  ma jor  

v o i r .  

An i sop roduc t i on  map (F igu re  
s o l  i da ted  Gas Supply Corporat 
the  we1 1 s have been abondoned 
vary g r e a t l y  f rom w e l l  t o  we1 
map, l i k e  t h e  isopressure  and 
o t h e r  map c o n f i g u r a t i o n s ,  t he  

6 )  was drawn based on p roduc t i on  records  t h a t  were ob ta ined  from Con- 
on, Columbia Gas Transmission Company and C i t i e s  Serv ice .  Cer ta in  o f  
w h i l e  o t h e r s  have j u s t  been completed so t h a t  t he  amount o f  da ta  may 
. We a r e  s t i l l  comp i l i ng  da ta  on these w e l l s  as o f  t h i s  date.  T h i s  
i s o f l o w  maps, shows a general  l i n e a r  t r e n d  o f  N 40" E .  U n l i k e  the  
e a r e  two d e f i n i t e  areas o f  good p roduc t i on ,  one area being i n  t h e  

southern end o f  t h e  f i e l d ,  near the  Jackson-Mason County l i n e ,  and t h e  o t h e r  t o  the  n o r t h .  The exac t  
s i g n i f i c a n c e  o f  t h i s  obse rva t i on  i s  n o t  known. We can o n l y  presume t h a t  t h e r e  w e l l s  encountered more 
open f r a c t u r e s .  

Comparison and a n a l y s i s  o f  the  t h r e e  maps suggests the  f o l l o w i n g  obse rva t i ons :  

A) There i s  s i m i l a r i t y  between accumulat ive p roduc t i on  and open f l o w  t rends .  

B)  There i s  a nor theas t -southwest  l i n e a r  t r e n d  t o  the  accumula t ive  p r o d u c t i o n  and open f l ow  maps. 

C) L inea r  t rends  normal t o  the  no r theas t  t rend  o f  t h e  f i e l d  a re  apparent on the  open f l o w  and 
i n i t i a l  rock  pressure  maps. 
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Outcrop a r e a  of D e v o n i a n  r o c k s  

a Devonian B lack  S h a l e  gas p r o d u c t i o n  

Contract  a r e  a 

Geophysical t e s t  s i t e  

1 Va l ley  and R idge  province 

2 Appa lach ian  P l a t e a u s  

M A R Y  L A N D  

V I R G I N I A  

FIGURE 1 
PROJECT LOCAT I O N S  
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FIGURE 3 
TRLPOTENT IAL  ELECTRODE CONFlGURAT LON 
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69 UPPER D E V O N I A N  SHALE FORMATION 

FIGURE 8 
D E V O N I A N  SHALE B A S I N .  (Fos ter ,  1975) .  

EGS-33 
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FIGURE 9 
E X I S T I N G  DEVONIAN SHALE O I L  AND GAS PRODUCTION I N  NORTHWESTERN WEST V I R G I N I A .  
(Martin and N u c k o l s ,  1976). 
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FIGURE 1 1  
GAMMA RAY AND DENSITY LOGS PORTRAYING ORGANIC SHALE CHARACTERISTICS I N  THE COTTAGEVILLE 
GAS FIELD,  WEST V I R G I N I A .  
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FIGURE 13 
POSTULATED STRESS TRAJECTORIES FOR THE CENTRAL APPALACHIAN REGION. (Overbey, 1976) .  
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CHARACTERIZATION AND ANALYSIS OF DEVONIAN StIALES: 
GAS COMPOSITION AND RELEASE SATES 

M. Jack Snyder 

J. S .  Ogden 
R. W. Coutant 

M a  P. Rausch 

BATTELLE COLUMBUS LABORATORY 

ABSTRACT 

As part of the Resource Inventory and Shale Characterization subprojects of ERDA's Eastern Gas 
Shales Project, Battelle's Columbus Laboratories is conducting a program to determine the relation- 
ship between shale characteristics, hydrocarbon gas content, and well location. Ultimately, about 
1000 core samples of gas bearing Devonian shales will be selected and sealed in special containers to 
preserve their approximate "down-hole" condition, and the gas-release characteristics and various 
chemical, physical, and 1ithoSogic characteristics will be determined. 

Hydrocarbon distributions and release rates of these hydrocarbons from selected Devonian shale 
samples are being determined as a major effort on the program. 
of gas chromatography for composition analysis; recording microbalance and continuous-flow FID total- 
hydrocarbon systems for kinetics measurements; and modified Fischer Assay procedure for determination 
of residual heavy hydrocarbons. 

Procedures employed involve the use 

Preliminary measurements of these types have now been completed for approximately 20 percent of 
the projected total of 1000 samples from various well sites in the Appalachian and Illinois basins. 
Results of these measurements and preliminary conclusions are discussed. 

INTRODUCTION 

This program was initiated in July 1976 as a part of ERDA's Eastern Gas Shales Project (EGSP). 
The objective of the program is to determine the relationships between shale characteristics, hydro- 
carbon gas content, and well location to provide a sound basis for defining the productive capacity 
of the Eastern Devonian shale deposits and for guiding research, development, and demonstration 
projects to enhance the recovery of natural gas from the shale deposits, 
number of elemental tasks as a part of the Resource Inventory and Shale Characterization subprojects 
and is designed to provide large quantities of support data for the EGSP. 

The program includes a 

Approximately 1000 core samples of  gas bearing Eastern Devonian shale will be examined in the 
program. After the characterization data for individual wells have been compiled, a regression-type 
analysis for pattern recognition will be performed to establish the interrelationship between the 
shale characteristics, the hydrocarbon gas content, and well locations from which the samples were 
obtained. 

The work involves six tasks: core sampling, gas content and gas release kinetics, chemical 

Each of these tasks were briefly described in a previous Paper ma characterization of the shale, physical characterization of the shale, lithology of shale, and 
interpretation and correlation. 
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The project was initiated in July 1976 and active laboratory work was started in September 1976. 
Approximately 350 core samples have now been selected and encapsulated from 10 wells, 5 in the 
Appalachian Basin and 5 in the Illinois Basin. 
are now available on 350 samples from 9 of the wells and some patterns and relationships are becoming 
apparent. 
well location, and chemical characteristic of the shale. 

The well locations are given in Table 1. Partial data 

In this paper emphasis will be on the relationships among the initial gas release data, 

Core Sampling and Encapsulation 

Core sampling for the EGSP is done by a team, under the supervision of the West Virqinia 
Geological Survey, including in addition to the supervising geologist, representatives from the 
appropriate State Geological Survey, from the producing company, and from Battelle's Columbus 
Laboratories. After the core has been retrieved, reassembled, oriented, marked, and described, 
samples are taken by the Battelle representative for use in experiments and characteriztions being 
conducted at Battelle, Mound Laboratories, and Juniata College. The standard sampling sequence 
involves the collection of core samples at 10-foot intervals for Battelle, at 30-foot intervals for 
Mound Laboratories, and at 50-foot intervals for Juniata College. 

The selected samples are placed in fruit juice cans and lids are applied and sealed with a 
canning machine for subsequent transport to the various laboratories. 

Analytical Procedures for Initial 
Gas Release 

The canned core samples are logged in and normally are stored for a minimum period of 3 weeks 
after canning to allow them to come to equilibrium. 
this equilibrium period. Many of the core sections from the recent well in Wise County, Virginia 
exhibited considerable outgassing during the initial examination prior to canning and many of the 
cans bulged noticeably within a few hours after sealing. Because of the rapid and excessive bulging, 
the cans were checked for possible leaks approximately 2 weeks after canning. Leaks were detected in 
16 out of 7 2  samples checked. 
cans as quickly thereafter as possible. 
had not yet been analyzed revealed that some of them also were leaking and, as will he discussed 
later, the gas composition data suggest that some of the other cans probably had leaked before the 
analyses were made. 
planned for monitoring the release of gas from the time the sample is canned. 

Some of the sealed cans bulge and distort during 

Gas analyses were made on these and other bulged, but not leaking, 
Subsequent checks on sealed cans from earlier wells that 

Sturdier sample cans are being secured for future wells and procedures are being 

The canned samples after the standard equilibrium period are tapped using the can sampling 
device shown in an exploded-view in Figure 1. The can sampler is evacuated after it is clamped to 
the can and the metal punch is then driven through the can top, thereby connecting the gauge and 
sampling volume to the free space surrounding the shale samples within the can. 
for pressures within the cans; an Ultec gauge for pressures less than 1500 torr and an Ashcroft 
gauge for pressure up to 60 psig. 
system allows a gas sample to be withdrawn from the sampler and entered into a 1 cc constant 
temperature sample loop. 

Two gauges are used 

The observed can pressure is reported in torr (mm Hg). A valving 

A solenoid valve controls the injection of samples into the chromatograph. 

An Aerograph 1520B gas chromatograph is used for species identification. 
The carrier gas is helium at 50 psig. 

Thermal conductivity 
detection is employed. 
gaseous species; the CTR is essentially a column within a column--a molecular sieve surrounds a 
Porapak mix. 
(through C6). The detector signal is fed to a Hewlett Packard 3380A integrator and species are 
identified by their retention times. 
species found in shale cans to date. The standard consists of (v/o): 

An Altech CTR column separates the 

With this column it is possible to separate 02, N , C02, and light hydrocarbons 
A standard gas mixture was prepared and includes all major 

The standard is run daily; 
Butanes and pentanes, when 
been previously determined 
volume percent. 

29.51 
8.50 
1.52 

CH4 

C3H8 

51.11 
3.76 
5.61 

N2 
O2 
c02 

C2H6 

shale gas concentrations are determined by the external standard method. 
present, are calculated from their specific response factors. These have 
for this particular experimental set up. All values are reported in 
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In addition to the routine free gas analysis performed for each as-received shale can, random 

The 2800 
samples are selected for additional gas analysis. 
Flame ionization detection is employed and species are separated with capillary columns. 
has been calibrated for identification of over 100 hydrocarbons and detects species in parts per 
billion concentrations. To date, traces of propylene, 2-methyl-pentane9 2-methyl 2-butene have 
been identified; however, the major species remain as reported: C02, 02, N2, methane, ethane, 
propane, butanes and pentanes. 

An Aerograph 2800 gas chromatograph is used. 

After the initial gas analyses are completed, the can is opened, the shale sample is removed, 

The bulk volume of the shale sample is subsequently calculated from 
weighed, photographed and described, and samples are taken for the various characterizations and 
analyses that are to be made. 
the measured bulk density and the free gas space in the can is calculated by difference from the 
known volume of the can. The data from the gas analyses, from the various characterizations and 
analyses are keypunched onto computer cards for subsequent calculations, statistical analyses, 
and comparisons. 

Tables 2 and 3 contain data illustrative of the variations in initial gas release as a function 
of depth of sample and location of well. 

Analytical Procedures for Chemical Characterization 

The direct determination of organic carbon, hydrogen and nitrogen is accomplished by controlled 
combustion using a Perkin-Elmer Model 240 elemental analyzer. 
if the combustion temperature is maintained under 500 C. 

Inorganic carbonates are not pyrolyzed 

The Perkin-Elmer 240 elemental analyzer operates on the principle of thermal conductivity 
differences in the combustion products. After combustion, carbon is analyzed as carbon dioxide and 
hydrogen as water. 

In brief, the operating procedure of the instrument is as follows: An appropriate size 
pulverized sample of fairly uniform particle size (2r  170 mesh)-in the case of Devonian shales 3 to 
5 mg-is introduced into the cool position of the combustion column. The first cycle involves a 
helium purge for de-airing the shale sample. 
and the sample is introduced to the hot zone of the combustion column. Upon the completion of the 
combustion process, the helium flow resumes and the combustion products are swept through the combus- 
tion and the reduction columns. 
materials in the combustion and reduction columns. Vapors of sulfur and halogens and some other 
gases are removed from the stream by the packing in the combustion column and oxygen is removed by the 
reduction column. Only the combustion products of  interest, C02 from carbon, FI 0 from hydrogen, and 
elemental nitrogen are retained in the gas stream, 
C02, H 0 ,  and nitrogen is made by means of thermal conductivity cells, and read-out as microvolts on 
a strip chart recorder. The k factor for the instrument, which relates the microvolt values to 
quantity of the elements analyzed, is determined using standard reference material. 

After helium purging, the system is filled with oxygen 

Gaseous products of no interest are screened by the special packing 

The quantitative measuremen8 of the three gases 

2 

Gas Content of Shale and Initial Release of Gas 

As is evident from the data in Table 2 and the plot of part of that data in Figure 2, the gas 
content and the composition of the gas released from canned shale samples from \.?ell P-1 varies 
substantially and apparently randomly with depth. A comparison of Figures 2 and 3 reveals that there 
are substantial differences between wells in the gas content per unit volume of shale. 
(Figure 3), the unit gas content ranges mostly between about 0.1 and 0.5 cu ft per  cu ft of shale, 
with a general trend of increasing gas content with increasing depth. For Well P-1 (Figure 2), on 
the other hand, the unit gas content is much greater and generally falls between 1 and 3 cu ft per 
cu ft of shale and there does not appear to be any general trend with respect to depth. 

The composition of the gas also varies substantially with depth and betweer. wells. 

For Well C-2 

Figure 4 is 
a plot of the methane content (as percentage of the total hydrocarbon gas released) versus depth for 
Well P-1 and Figure 5 is a similar plot for Well C-2. 
is evident whereas for Well P-1, there is no clear trend, For C-2, the relative methane percentage 
generally decreases with depth and ranges between about 60 and 80 percent. For P-1, the methane 
content (with the exception of the shallowest sample), ranges between about 85 and 95 percent 
irrespective of the depth. 

Again, for Well C-2 a general trend with depth 



4 CHARACTERIZATION AND ANALYSIS OF DEVONIAN SHALES: GAS COMPOSITION AND RELEASE RATES EGS-34 

These two wells were s e l e c t e d  a s  examples i l l u s t r a t i v e  of t h e  k inds  of d i f f e r e n c e s  observed 
i n i t i a l l y  between t h e  Appalachian and I l l i n o i s  Basin w e l l s .  P l o t s  of r e l a t i v e  methane con ten t  v e r s u s  
t h e  t o t a l  hydrocarbon con ten t  of t h e  r e l e a s e d  gas  f o r  t h e s e  t w o  w e l l s  are remarkably d i f f e r e n t  
(F igures  6 and 7 ) .  For  t h e  Appalachian Well (C-2, F igu re  7 ) ,  t h e  methane con ten t  c l e a r l y  i s  an  
i n v e r s e  f u n c t i o n  of t o t a l  hydrocarbon gas .  For t h e  I l l i n o i s  Well (P-1, F igu re  6 ) ,  t h e  methane 
con ten t  i s  e i t h e r  independent of t o t a l  hydrocarbon o r  is  a d i r e c t  f u n c t i o n  of i t .  Gas r e l e a s e  d a t a  
from t h r e e  a d d i t i o n a l  Appalachian Wells and two a d d i t i o n a l  I l l i n o i s  Basin Wells showed t h e  same 
d i r e c t  r e l a t i o n s h i p  between methane and t o t a l  hydrocarbon f o r  I l l i n o i s  Basin Elells and t h e  same 
i n v e r s e  r e l a t i o n s h i p  f o r  Appalachian Wells (except  f o r  a few i s o l a t e d  samples).  However, t h e  gas  
release d a t a  from t h e  most r ecen t  Appalachian Basin Well (C-338) f i t  t h e  I l l i n o i s  Basin p a t t e r n  bo th  
i n  gas  composition ( i . e . ,  h igh  methane con ten t )  and amount of gas  r e l e a s e d ,  between 1 and 3 cu f t  pe r  
cu f t  of s h a l e .  The c l e a r  d i s t i n c t i o n s  seen  between Appalachian Basin Wells and I l l i n o i s  Basin Wells 
are b l u r r e d  somewhat by t h e s e  new d a t a  and p l o t s  of  methane con ten t  v e r s u s  t o t a l  hydrocarbon t h a t  
i n c o r p o r a t e  a l l  of t h e  a v a i l a b l e  d a t a  do no t  show an  obvious r e l a t i o n s h i p  f o r  Appalachian Basin Wells 
(F igure  8 )  a l though  t h e  d i r e c t  r e l a t i o n s h i p  s t i l l  appears  t o  hold f o r  I l l i n o i s  Basin \.?ells (F igure  9 ) .  

A f u r t h e r  compl ica t ing  f a c t o r  i n  a t t empt ing  t o  a s s e s s  t h e  gas  r e sources  of t h e  Devonian s h a l e s  
from gas  a n a l y s i s  d a t a  on canned samples i s  t h e  f a c t  t h a t  some of t h e  cans  have leaked  unknown 
amounts of hydrocarbon gas .  A s  i n d i c a t e d  ear l ie r ,  l e a k i n g  w a s  d e t e c t e d  i n  a s u b s t a n t i a l  number of 
canned samples from one of t h e  w e l l s  w i t h i n  two weeks a f t e r  canning and checks on o t h e r  cans  have 
shown some of them t o  b e  l eak ing  months a f t e r  canning. An examination of t h e  gas  a n a l y s i s  d a t a  on 
o t h e r  samples sugges t s  t h a t  many of t h e  cans  may have leaked  between t h e  t ime they  were sea l ed  and 
t h e  t i m e  t h a t  t hey  were tapped f o r  a n a l y s i s .  For example, t h e  gas a n a l y s i s  r e s u l t s  f o r  one sample 
showed t h e  t o t a l  hydrocarbon con ten t  i n  t h e  f r e e  space  t o  be  90.4 pe rcen t  and t h e  n i t r o g e n  con ten t  t o  
be  8.56 pe rcen t .  
t h e  gas  composition w a s  e s s e n t i a l l y  80 pe rcen t  n i t r o g e n  and 20 pe rcen t  oxygen) and the  p r e s s u r e  a t  
t h e  t i m e  of s e a l i n g  was c l o s e  t o  one atmosphere (760 t o r r ) ,  t h e  p r e s s u r e  a t  t h e  time of t app ing  
should have been about 7100 t o r r .  The measured p r e s s u r e  was 740 t o r r ,  about  an o r d e r  of magnitude 
low, sugges t ing  t h a t  apprec i ab le  leakage  had occurred o r  t h a t  t h e  sample w a s  ou tgass ing  s u f f i c i e n t l y  
du r ing  t h e  t i m e  i t  w a s  be ing  canned t o  d i s p l a c e  most of t h e  a i r  i n  t h e  f r e e  space  b e f o r e  i t  w a s  
s e a l e d .  I n  e i t h e r  c a s e ,  a c a l c u l a t i o n  of t h e  gas  con ten t  p e r  u n i t  volume of s h a l e  based on t h e  
observed p r e s s u r e  and gas  composition a t  t h e  t i m e  of t app ing ,  unde res t ima tes  t h e  gas  con ten t  i n  t h e  
s h a l e  i n - s i t u  by an  unknown amount, perhaps as much as a f a c t o r  of 10. Thus, e x t r a p o l a t i o n  of 
c u r r e n t  gas  a n a l y s i s  d a t a  t o  produce estimates of t h e  gas  r ecove rab le  from t h e  Devonian s h a l e s  
r e s u l t  i n  very  shaky numbers a t  b e s t .  S teps  t h a t  are be ing  taken  t o  e l i m i n a t e  leakage  and t o  
monitor gas  composition and gas  release from t h e  t i m e  of canning w i l l  dec rease  t h e  u n c e r t a i n t y  i n  
t h e  f u t u r e  and w i l l  p rovide  more r e l i a b l e  informat ion  on t h e  areal  and depth  v a r i a t i o n s  i n  t h e  gas  
con ten t  of t h e  s h a l e .  

I f  w e  assume t h a t  t h e  f r e e  space  conta ined  only  a i r  a t  t h e  t i m e  of canning ( i . e . ,  

Chemical Composition of Shale  

Chemical ana lyses  f o r  carbon ( t o t a l  and o r g a n i c ) ,  hydrogen, and n i t r o g e n  have been completed on 
s e l e c t e d  samples from a l l  except  t h e  most r ecen t  w e l l s .  
ca rbonate  mine ra l s )  w a s  determined t o  be  a n e g l i g i b l e  f r a c t i o n  of t h e  t o t a l  carbon on t h e  b a s i s  of 
bo th  low-temperature a sh ing  ana lyses  and ana lyses  a f t e r  a c i d  l each ing  on about 50 samples. 
Accordingly,  t h e  t o t a l  carbon c o n t e n t s  determined by combustion are cons idered  t o  be a reasonably  
a c c u r a t e  measure of t h e  o r g a n i c  con ten t  of t h e  s h a l e .  

The ino rgan ic  carbon con ten t  (der ived  from 

Data on t h e  t o t a l  carbon, hydrogen, and n i t r o g e n  are r epor t ed  i n  Tables  4 through 9. The d a t a  
r e v e a l  t h a t  t h e  carbon con ten t  of t h e  s h a l e  v a r i e s  over a wide range  bo th  w i t h i n  a given w e l l  and 
between d i f f e r e n t  wells. 
t o  a h igh  of 11.5 pe rcen t  i n  Well P-1 (Table 8)  and from a low of 1 .3  t o  a h igh  of 1 4 . 7  pe rcen t  
i n  Well 0-1 (Table 7).  For Well R-109 (Table 9 )  t h e  v a r i a t i o n  wi th  depth  i s  s i g n i f i c a n t l y  less and 
t h e  average  carbon con ten t  i s  s i g n i f i c a n t l y  lower than  f o r  e i t h e r  P-1 o r  0-1. A s  w i l l  be  d i scussed  
l a te r ,  t h e  carbon con ten t  c o r r e l a t e s  reasonably  w e l l  w i th  t h e  i n i t i a l  gas  r e l e a s e  from those  samples. 

For example, t h e  carbon con ten t  v a r i e s  w i th  dep th  from a low of 0.8 pe rcen t  

Some of t h e  o p t i c a l  emiss ion  spec t roscop ic  d a t a  on v a r i o u s  s h a l e  samples from s e v e r a l  w e l l s  are 
g iven  i n  Table  10. 
d i f f e r e n c e s  i n  t h e  c o n t e n t s  of t h e  major e lements  o r  i n  t h e  t r a c e  e lements  p re sen t  i n  t h e  s h a l e  
samples taken  from w e l l s  i n  bo th  t h e  I l l i n o i s  and Appalachian Ras ins .  

The spec t roscop ic  a n a l y s i s  r e s u l t s  do n o t  r e v e a l  any unexpected o r  s i g n i f i c a n t  
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Gas Release and Carbon Content 

As discussed in the earlier paper by Kalyoncu, et al., on Physical Characterization the initial 
gas release volume is inversely proportional to the bulk density of the shale but does not appear to 
be relatable to the porosity of the shale. 
may be more a function of organic content than of pore volume and that initial gas release volume 
might be proportional to the carbon content. 

This observation suggests that the density of the shale 

Figure 10 is a plot of the total carbon content versus the initial gas release volume for three 
different wells, two in the Illinois Basin (0-1 and P-1) and one in the Appalachian Basin (C-2). 
Although there is appreciable scatter in these data points it is clear that higher carbon content 
generally is associated with higher initial gas volume. 
the graph, one fitting the points €or the P-1 well, the other fitting the points for the 0-1 well. 
It is interesting that those samples from the C-2 well having the lowest carbon contents (below 
2 percent) appear to fit the line for the P-1 well, whereas the samples having higher carbon contents 
fit the line for the 0-1 data points. 

Two different regression lines are shown on 

CONCLUSIONS 

The most important conclusions to be drawn from the gas release data so far is that each well 
is unique and that generalizations about relationships for one well or for wells within a given area 
may not be valid for other wells or other areas. 
gas resources of the Devonian shales requires data from many wells throughout the entire deposit. 

A corollary is that a valid assessment of the 

It should be pointed out that the observed relationships (or lack of them) between gas content 
and shale characteristics or well locations are based on a relatively small number of samples and 
may be peculiar to the wells sampled. 

FUTURE WORK 

The coring and sampling of additional wells throughout the Eastern Devonian shales is continuing 
and data are now being gathered at a rate of about 25 samples per month. 
gained and additional data are accumulated, the level of uncertainty will decrease and more reliable 
and, hopefully, more meaningful conclusions about the gas content and the relationships among gas 
release characteristics, shale characteristics, and well location will emer,Te. 

A s  more experience is 
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TABLE 4. CHEMICAL CHARACTERIZATION DATA 

Sample I D  Carbon Hydrogen Nitrogen 

C 1-2927.A 
C 1-2999 
C 1-3085 
C 1-3175 
C 1-3198 
C 1-3396 
C 1-3426 
C 1-3573 
C 1-3593 
C 1-3651 
C 1-3701 
C 1-3869 
C 1-3998 
C 1-4045 

1.1 
2.1 
1.9 
0.9 
1 .9  
1 .3  
4.8 
5.5 
1.5 
5.2 
7.2 
2.9 
2.8 
5.8 

0.6 
0.5 
0.6 
0.5 
0.7 
0.6 
0.7 
0.8 
0.6 
0.8 
1 . 0  
0.6 
0.6 
0.8 

0.2 
0.1 
0.1 
0.1 
0 . 1  
0.1 
0.2 
0.2 
0.1 
0 . 1  
0.2 
0 . 1  
0 .1  
0.2 

TABLE 5.  CHEMICAL CHARACTERIZATION DATA 

Sample I D  Carbon Hydrogen Nitrogen 

C 2-2655 
C 2-2710 
C 2-2761 
C 2-3000 
C 2-3025 
C 2-3050 
C 2-3101 
C 2-3303 
C 2-3326 
C 2-3378 
C 2-3428 
C 2-3478 
C 2-3528 
C 2-3896 
C 2-3922 
C 2-3961 
C 2-3971 

0.2 
0.3 
0.7 
1 .0  
0.6 
1.4 
1.4 
0.7 
1 .4  
4.8 
3 .1  
0.7 
5 .1  
1 .4  
4 .1  
7.1 
5.1 

0.5 
0.4 
0.4 
0.5 
0.6 
0.6 
0.6 
0.5 
0.5 
0.7 
0.6 
0.5 
0.8 
0.5 
0.7 
0.9 
0.7 

0.1 
0 .1  
0 . 1  
0 .1  
0 .1  
0 .1  
0.1 
0 .1  
0 .1  
0.2 
0 .1  
0.1 
0.2 
0.1 
0.1 
0.2 
0 . 1  
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TABLE 6. CHEMICAL CHARACTERIZATION DATA 

Sample ID Carbon Hydrogen Nitrogen 

C-338 -4892 
C-3 3 8 -492 2 
(2-338 -5232 
C-338-5322 
C-338 -5357 
C-338-5362 
C-338-5372 
C -338 -5404 
C-338-5414 
C-338-5424 
C-338-5444 

4.7 
3.2 
0.8 
1.8 
1.9 
6.2 
4.7 
3.8 
5.3 
5 .O 
6.2 

0.5 
0.4 
0.5 
0.5 
0.4 
0.6 
0.5 
0.5 
0.6 
0.5 
0.6 

0.1 
0.1 
0.1 
0.2 
0.1 
0.2 
0 2 
0.2 
0.2 
0 -2 
0.2 

TABLE 7. CHEMICAL CHARACTERIZATION DATA 

Sample ID Carbon Hydrogen Nitrogen 

0 1-2183 
0 1-2191 
0 1-2220 
0 1-2230 
0 1-2239 
0 1-2251 
0 1-2259 
0 1-2271 
0 1-2281 
0 1-2290 
0 1-2300 
0 1-2310 
0 1-2319 

14.7 
10.5 
7.1 
2.2 
8.8 
1.3 
12.6 
9.0 
8.9 
9.8 
9.3 
8.9 
12.6 

1.5 
1.1 
0.9 
0.5 
1.0 
0.4 
1.3 
0.8 
0.9 
0.8 
0.8 
0.8 
1.0 

0.5 
0.4 
0.2 
0.2 
0.3 
0.1 
0.5 
0.2 
0.4 
0.3 
0.3 
0.2 
0.3 
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TABLE 8. CHEMICAL CHARACTERIZATION DATA 

Sample ID Carbon Hydrogen Nitrogen 

P 1-2495 
P 1-2505 
P 1-2515 
P 1-2528 
P 1-2536 
P 1-2547 
P 1-2554 
P 1-2565 
P 1-2575 
P 1-2585 
P 1-2595 

0.8 
11.5 
6.1 
8.6 
10.3 
7.1 
5.4 
3.2 
7.5 
8.7 
6.1 

0.5 
1.3 
0.8 
1.0 
1.1 
0.9 
0.8 
0.6 
1.0 
1.0 
0.8 

0.1 
0.3 
0.2 
0.2 
0.2 
0.2 
0.3 
0.1 
0.2 
0.2 
0.1 

~ ~~~ 

TABLE 9. CHEMICAL CHARACTERIZATION DATA 

Sample ID Carbon Hydrogen Nitrogen 

R-109-3506 
R-109-3516 
R-109-3526 
R-109-3536 
R-109-3555 
R-109-3593 
R-109-3605 
R-109-3606A 
R-109-3606B 
R-109 -3665 
R-109-3685 
R-109-3695 
R-109-3705 
R-109 -3711 
R-109-3494 
R-109-3536 
R-109 -3545 
R-109-3585 
R-109-3606B 
R-109-362 6 
R-109-3634 
R-109-3644B 
R-109-3675 
R-109-3695 

1.5 
1.6 
3.2 
2.2 
1.3 
2.8 
3.1 
5 .O 
3.9 
2.4 
1.7 
3.5 
0.5 
0.5 
0.4 
2 .o 
1.3 
2.2 
4 .O 
0.9 
2.3 
2.5 
1.8 
3.3 

0.5 
0.6 
0.7 
0.6 
0.6 
0.6 
0.7 
0.8 
0.7 
0.5 
0.5 
0,7 
0.5 
0.5 
005 
0.6 
0.6 
0.6 
0.7 
0.6 
0.6 
0.6 
0.6 
0.6 

0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.2 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
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MOUND FAC I LI TY 
MIAMISBURG, OHIO 45342 

ABSTRACT 

Deta i led  geochemical ana lyses  are being used t o  provide  a n  a c c u r a t e  assessment of t h e  o i l  and 
The s u i t e  of gas r e sources  p r e s e n t  i n  t h e  Devonian s h a l e s  i n  t h e  Appalachian and I l l i n o i s  Basins.  

geochemical ana lyses  is  designed t o  e v a l u a t e  t h e  o rgan ic  r i c h n e s s ,  t h e  hydrocarbon p o t e n t i a l ,  t h e  
type  of o rgan ic  matter and t h e  thermal ma tu r i ty  of t h e  organic  matter. 

Laboratory techniques  such as p y r o l y s i s  gas  chromatography and mass ba lance  thermal e x t r a c t i o n  
were a l s o  employed t o  measure thermal ly  der ived  o i l  and gas  y i e l d s  from t h e  Devonian s h a l e s .  

S t a b l e  carbon i s o t o p e  geochemistry has a l s o  been i n i t i a t e d .  The f i r s t  phase of t h i s  s tudy  
involved the  de t e rmina t ion  of s t a b l e  carbon i so tope  v a l u e s  f o r  s h a l e  c o r e  samples. 

“Mound F a c i l i t y  is  opera ted  f o r  t h e  U. S.  Department of  Energy by Monsanto Research Corporation 
(Cont rac t  No. EY-76-C-04-0053). 
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INTRODUCTION 

Core samples from seven w e l l s  d r i l l e d  i n  I l l i n o i s ,  Indiana,  Kentucky and Virginia  have been 
analyzed geochemically f o r  t h e  purpose of assess ing  t h e i r  f o s s i l  energy resource p o t e n t i a l .  
geochemical d a t a  have been obtained f o r  a b e t t e r  d e f i n i t i o n  of the o i l  and gas  contained i n  t h e  
Devonian shales. 

Organic 

The hydrocarbon source p o t e n t i a l  of f ine-grained sediments from var ious  worldwide l o c a t i o n s  has  
been s tudied by many researchers  ( I S 2 ) .  The hydrocarbon source rock s t u d i e s  were performed t o  inves- 
tigate t h e  organic  r ichness ,  type ( o i l ,  condensate o r  gas) ,  and state of thermal matur i ty  of the  
hydrocarbon source rocks,  and t o  determine t h e i r  areal and s t r a t i g r a p h i c  d i s t r i b u t i o n .  

The l o c a t i o n  of the  seven w e l l s  is displayed i n  Figure 1. In  most cases, t h e  e n t i r e  strati- 
Samples f o r  geochemical analyses  were taken a t  30-foot 

Short ly  a f t e r  a r r i v a l  a t  the  laboratory,  the  
graphic  u n i t  of Devonian sha le  w a s  cored. 
i n t e r v a l s  and s tored  i n  a i r - t i g h t  metal containers .  
conta iners  air space w a s  sampled f o r  methane t o  heptane hydrocarbons. 
addi t iona l  geochemical analyses  were performed. 

The container  w a s  opened and 

TECHNIQUES 

The geochemical analyses  performed on t h e  Devonian s h a l e  samples are shown i n  Figures 2A and 
The abundance of methane through heptane hydrocarbons ( C l - C 7 )  w a s  measured by summing t h e  con- 

The kerogen w a s  examined v i s u a l l y  f o r  morpho- 

2 B .  
t e n t s  of t h e  a i r  space and core material s tored  i n  a n  a i r - t i g h t  container .  
alyzed by combustion of the carbonate-free sediment. 
l o g i c a l  c l a s s i f i c a t i o n  a f t e r  being i s o l a t e d  from the inorganic  matrix.  
crushed and ex t rac ted  with a benzene-methanol solvent .  The so luble  e x t r a c t  w a s  weighed, then sep- 
a ra ted  i n t o  f r a c t i o n s  by adsorpt ion and l i q u i d  chromatography. 
determined by gas chromatography. 
dures  described by Landes(31, and Hacquebord and D ~ n a l d s o n ( ~ ) .  

Organic carbon w a s  an- 

Dried core  material was 

The normal p a r a f f i n  d i s t r i b u t i o n  w a s  
V i t r i n i t e  r e f l e c t a n c e  w a s  measured using modif icat ions of proce- 

The pyro lys i s  gas chromatography involves t h e  heat ing of a powdered sample of core  material a t  
The hydrocarbons produced during the  pyro lys i s  process  a r e  analyzed using a flame a constant  r a t e .  

ion iza t ion  d e t e c t o r  (FID) gas chromatograph. 

The mater ia l  balance assay is performed i n  a closed system under a cover of e i t h e r  helium o r  

The noncondensable products are c a r r i e d  over i n t o  a gas c o l l e c t i o n  
ni t rogen.  
water i n  a sidearm c o l l e c t o r .  
b o t t l e .  Following t h e  pyro lys i s  event ,  the  gaseous, l i q u i d  and s o l i d  products are character ized by 
addi t iona l  analyses .  

The condensable hydrocarbons formed during the  pyro lys i s  process  are co l lec ted  along with 

The s t a b l e  carbon isotope s t u d i e s  performed t o  d a t e  have been performed only on the  organic  
port ion of the sha le  core .  P r i o r  to  a n a l y s i s ,  the  inorganic  carbon w a s  removed by a c i d i f i c a t i o n .  

DISCUSSION AND RESULTS 

Abundance 0 6  Cl-C7 Hydhvcahbuvlcl 

Gas and gasoline-range hydrocarbons are generated from organic matter a t  d i f f e r e n t  l e v e l s  of 
thermal matur i ty .  I n i t i a l l y ,  a t  low temperature, microbial  degradation forms methane o r  "dry" gas. 
With increas ing  time, temperature, and depth of b u r i a l ,  heavier  hydrocarbons are generated.  I n  t h e  
e a r l y  s tages  of petroleum formation, gas-oi l  range hydrocarbons predominate with associated amounts 
of "wet" gas (Cz-Cq hydrocarbons) and gasoline-range hydrocarbons. The content  and d i s t r i b u t i o n  of 
C1-C7 hydrocarbons i s  p r i m a r i l y  dependent on t h r e e  geochemical parameters; namely, the  organic  r ich-  
ness,  the type of organic mat ter ,  and i ts  l e v e l  of thermal matur i ty .  

Shales from each of the  wel ls  analyzed to  da te ,  contained l a r g e  q u a n t i t i e s  of C1-C7 hydrocar- 
bons (Figure 3 ) .  The average C l - C 7  values  a r e  l i s t e d  i n  Table 1. For the  1-1, 0-1, P-1 and VA-1 
wel ls ,  the  dry gas,  wet gas and gasoline-range hydrocarbons w e r e  uniformly d i s t r i b u t e d .  The gas- 
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oline-range hydrocarbons i n  VA-1 are exceptionally low, but  the  l i tho logy  of t he  samples from t h i s  
well indicated t h a t  coa l  w a s  present  i n  most of t he  samples. 
carbons var ied s ign i f i can t ly  throughout the  e n t i r e  w e l l  p ro f i l e .  
values of c1-c7 hydrocarbons released t o  the  headspace of the sample canis te rs .  
cate t h a t  most of t he  C1-C4 hydrocarbons are released from the  samples and are not re ta ined i n  the  
matrix. 
samples from w e l l  0-1 contain ultramicroporous networks which i n h i b i t  the  d i f fus ion  of hydrocarbon 
gases from the  material. 

I n  the  KY-2 w e l l ,  however, the  hydro- 
Also l i s t e d  i n  Table 1 are the  

These values indi-  

For w e l l  0-1, however, t h i s  w a s  not  t rue .  Other invest igators(5)  have indicated tha t  

The hydrocarbon concentrations l i s t e d  i n  Table 1 are minimum values.  The core samples are 
removed from the  w e l l  and are exposed t o  the  atmosphere f o r  approximately 1 to  2 hours p r io r  t o  being 
s tored  i n  the  sample containers .  This exposure t i m e  allows a s ign i f i can t  amount of hydrocarbon gases 
t o  d i f fuse  from the  core. 
srurples were exposed t o  air f o r  several weeks p r i o r  t o  canning f o r  geochemical ana lys i s .  

Although f o r  most samples, the  maximum exposure time is 2 hours,  the P-1 

The organic carbon content of fine-grained argi l laceous sediments such as the Devonian shales  
is  an indica tor  of organic richness. 
preserved by rapid bu r i a l .  
transform the  organic matter t o  the complex heterogeneous material ca l led  "kerogen." 
presumed t o  be the  major precursor f o r  o i l  and gas. 
and gas are generated. The amount of kerogen, expressed as the  organic carbon content ,  shows the  
abundance of organic matter which may be a l t e r ed  t o  form hydrocarbons. 
C a r b o n n  skles from productive basins  is 0.4 percent (6) . The worldwide average of organic carbon 
i n  sha les  and s i l t s t o n e s  is 1.14 percent(7) .  

Organic matter comprised mostly of organic d e t r i t u s  i s  
Al te ra t ion  processes such as microbial  degradation and thermal diagenesis 

Kerogen i s  
A s  the  sediments become thermally matured, o i l  

The lower l i m i t  of organic 

The amount of organic carbon i n  Devonian sha les  va r i e s  from loca t ion  t o  locat ion (Figure 4 ) .  
I n  general ,  t he  average organic carbon content of sediments from the  1-1, 0-1, P-1, KY-2 and VA-1 
wells is 6.77, 8.75, 4.73, 2 . 0 4 ,  and 1.96 percent,  respect ively.  The organic matter appears t o  be 
more uniformly d i s t r ibu ted  i n  the  1-1, 0-1 and P-1 w e l l s .  However, t o  the east, the  KY-2 and VA-1 
shales vary considerably i n  organic carbon from a low of 0.16 t o  a high of 7.75 percent.  

Using the average organic carbon contents and the Mott Factor (1350 ft3-gasfton of organic 
mat ter) ,  the  predicted indigenous gas per u n i t  volume (1 m i l e  x 1 m i l e  x 1000 fee t )  can be calcula- 
ted.  
c1-C4 hydrocarbon contents.  The r e s u l t s  of these ca lcu la t ions  are shown i n  Table 2. The ex i s t ing  
indigenous gas values are very conservative. 
discussed loss of hydrocarbon during sample preparation a t  the  w e l l  s i te .  I f  the values were a l s o  
corrected f o r  downhole pressure and temperature they would be s ign i f i can t ly  higher. 

The ex i s t ing  indigenous gas can a l so  be calculated using the  experimentally determined average 

This conservatism is  the  r e s u l t  of t he  previously 

Type 06  Ongcuzic WUL 

The so l id  organic matter contained i n  fine-grained sediments v i sua l ly  r e f l e c t s  i t s  source of 
deposit ion.  
ronment by the  proportions of marine and cont inental  organic matter i t  contains.  Kerogen iden t i f i ed  
v i sua l ly  can be c l a s s i f i ed  as amorphous, herbaceous, woody, o r  coaly ( i n e r t i n i t e ) .  After maturation 
by thermal diagenesis ,  the  marine (amorphous) type is prone t o  generate abundant gaseous and l iqu id  
hydrocarbons. 

Composed mostly of organic d e t r i t u s ,  the  kerogen is  r e l a t ed  t o  i t s  deposi t ional  envi- 

The nonmarine (woody-coaly) type is prone t o  produce mostly gaseous h y d r o c a r b ~ n s ( ~ , g )  . 
Of the  f i v e  wells completed t o  da te ,  the  type of organic matter i n  the  1-1, 0-1 and P-1 w e l l s  

is  pr imari ly  herbaceous and amorphous kerogen (Figure 5). This l i qu id  r i c h  material ( i f  present  i n  
s u f f i c i e n t  quant i t ies )  has the  po ten t i a l  t o  generate abundant o i l  and associated gas. I n  cont ras t ,  
sha les  from the  KY-2 w e l l  contain predominant amounts of e i t h e r  the  herbaceous-amorphous kerogen o r  
the woody-coaly kerogen. 
woody. 
cams, the  herbaceous-amorphous kerogen is present  i n  shales  which contain abundant organic carbon. 
The *hales containing Primary o r  secondaw amounts of woody-coaly kerogen are lean i n  organic laattcr. 

The VA-1 w e l l  contains  organic matter t h a t  i s  predominantly herbaceous- 
The high organic carbon content appears t o  be associated with the  kerogen type. In  most 
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extract or "bitumen." The 
bitumen is composed of hydrocarbon and nonhydrocarbon material. The itumen in recent sediments is 
impoverished in hydrocarbons and contains mostly nonhydrocarbon material. As the sediments become 
thermally matured, increasing amounts of hydrocarbons are formed. The average worldwide concentra- 
tions of hydrocarbons in shales was found to be 96 ppm(7). 

cp+ Core material was extracted with organic solvent to yield the 

Shales from four of the wells were found to contain bitumen composed mostly of hydrocarbons. 
The distribution of hydrocarbon and nonhydrocarbon material extracted from the Devonian shales is 
shown in Figure 6. The hydrocarbon portion consists of paraffin-napthene (P-N) and aromatic (AROM) 
fractions. The nonhydrocarbon material is separated into asphaltene (ASPH) and nitrogen-sulfur- 
oxygen containing compounds (NSO's). In the 1-1, 0-1, and P-1 wells, the average hydrocarbon con- 
tent was 2159 ppm, 2463 ppm, and 3332 ppm, respectively. The average hydrocarbon content was 1469 
ppm for the KY-2 shales and approximately zero for the VA-1 shales. The hydrocarbon content appears 
to be related to the organic carbon content and the kerogen type. In general, shales characterized 
by herbaceous-amorphous kerogen, and a high organic carbon content contain abundant C15+ hydrocar- 
bons. 
kerogen contain low amounts of C15+ hydrocarbons. 

Sediments with low organic carbon content and primary or secondary amounts of woody-coaly 

In order to assess the hydrocarbon generating capacity of potential source rocks, the thermal 
history and its diagentic effect on petroleum generation must be evaluated. Two methods, kerogen 
coloration and vitrinite reflectance, were used to measure the thermal alteration of the Devonian 
shales. The kerogen coloration of the plant cuticle and spore-pollen debris is measured in trans- 
mitted light. The state of thermal alteration (Thermal Alteration Index or TAI) ranges from light 
greenish yellow at Stage 1 for unaltered kerogen to black at Stage 5 for severely altered kerogen. 
The thermal zone of oil generation corresponds to a moderately mature to mature kerogen of Stage 2 
to 3 (Figure 7). 
light brown color. 
tion. This technique has several advantages over other thermal maturation classifications. It is 
an absolute measurement; it is a rigorous analytical evaluation; and it is a universally accepted 
technique. Ro values ranging from 0.2 to 0.6 indicate that the sediments are too immature for oil 
generation. Ro 
from 1.2 to 3.0 indicate a thermal history sufficient to form wet gas and methane. 
altered or metamorphised organic matter represented by Ro values greater than 3.0 is considered as a 
nonsource for hydrocarbons. 

The kerogen in the zone of oil generation is characterized by yellow-orange to 
Vitrinite reflectance (R,) is also used to measure the degree of thermal altera- 

The zone of petroleum generation is usually interpreted to range from 0.6 to 1 . 2 .  
The severely 

The thermal history of the Devonian shales analyzed in this study exhibit a small amount Of 
variation (Figure 8) .  
yellow to orange-brown color. 
Stage 1+ to 3-. 
stages of petroleum generation. 
0-1 wells is 0.45. 
KY-2 was 0.52, while that for VA-1 approached 1.0. 
appears likely that the Devonian shales will be increasingly more mature in an east-south easterly 
direction. 

The organic matter in shales from the five wells is characterized by its 
This coloration is consistent with a thermal alteration index of 

The average value of Stage 2 corresponds to a thermal history equal to the early 
The mean average vitrinite reflectance value in both the 1-1 and 

The value for In the P-1 well, a slightly higher value of 0.50 was measured. 
Based on the vitrinite reflectance date, it 

Material Balance Assays (MBA's) are being performed on all the geochemical samples. For the 
assays approximately 100 grams of well-riffled, representative 4 to 8 mesh material are heated and 
destructively distilled at a maximum temperature of 500'. The assay is performed in a closed sys- 
tem and either helium or nitrogen is used as the flush gas. 
centrifuge tube and noncondensable gases flow into an evacuated receiver. Following the pyrolysis 
process, the products are weighed and further analyzed. 

Oil and water are condensed in a 
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The ana lyses  performed on t h e  p y r o l y s i s  products  i nc lude  o i l ,  gas  and water y i e l d ;  gas  composi- 
t i o n a l  a n a l y s i s ;  d e t a i l e d  o i l  and water a n a l y s i s ;  percent  post-assay o rgan ic  carbon; and pe rcen t  a sh .  
These s t u d i e s  are designed t o  c o r r e l a t e  the geochemical ana lyses  w i t h  p y r o l y s i s  y i e l d .  

The average MBA product y i e l d s  obtained t o  d a t e  are shown i n  Table 3. Table 4 l i s ts  t h e  average 
gas  ana lyses  obtained f o r  t h e  samples from the t h r e e  w e l l s .  These d a t a  support  t h e  p rev ious ly  d e t e r -  
mined geochemical d a t a  which ind ica t ed  t h a t  t h e  samples from t h e  0-1 and 1-1 w e l l s  would y i e l d  more 
hydrocarbon products  t han  t h e  samples from KY-2. The MBA of t h e  KY-2 w e l l  samples a l s o  exh ib i t ed  t h e  
same v a r i a t i o n s  t h a t  cha rac t e r i zed  t h e  o t h e r  geochemical analyses .  This  i s  b e s t  i nd ica t ed  by t h e  o i l  
y i e l d s  which v a r i e d  from 0 . 1  t o  4.6 g a l l t o n .  

The o t h e r  ana lyses  are c u r r e n t l y  i n  p rogres s  on t h e s e  samples, b u t  a prel iminary a n a l y s i s  of t h e  
o i l  product from t h e  0-1 w e l l  produced t h e  r e s u l t s  shown i n  Table 5. 

To d a t e ,  co re  samples from the  1-1 w e l l  and t h e  P-1 w e l l  have been analyzed by p y r o l y s i s  gas  
chromatography. Approximately 100 mg. of powdered sample w a s  heated under helium from ambient 
temperature t o  55OoC a t  a cons t an t  rate of 30°C/min. 
produces hydrocarbons which are swept by t h e  carrier gas  t o  a flame i o n i z a t i o n  d e t e c t o r .  
of hydrocarbons generated v s .  t h e  temperature of gene ra t ion  is displayed on a r eco rde r .  The areas 
under t h e  curves  are computed by a d i g i t a l  i n t e g r a t o r .  The test d a t a  are l i s t e d  i n  Table 6 and 7, 
and are shown i n  Figures  9 and 10. 

The hea t ing  of t h e  o rgan ic  matter i n  t h e  s h a l e  
The amount 

A prel iminary eva lua t ion  of t h e  p y r o l y s i s  d a t a  from t h e  a n a l y s i s  of 1-1 and P-1 samples shows 
t h e  following. 

1. The t o t a l  hydrocarbon y i e l d  is d i r e c t l y  p ropor t iona l  t o  t h e  C15+ bitumen concen t r a t ion  and 
the  o rgan ic  carbon con ten t .  

2. The t o t a l  amount of o rgan ic  carbon a v a i l a b l e  f o r  hydrocarbons i s  less than  t h e  t o t a l  
organic  carbon. 

3. The F i sche r  Assay o i l  y i e l d s  c a l c u l a t e d  by t h i s  method are similar t o  t h e  y i e l d s  obtained 
by t h e  modified material balance method. 

4. I n  order  t o  o b t a i n  optimum hydrocarbon y i e l d s  during t h e  gas  product ion of t h e s e  sha le s ,  
a hea t ing  p rocess  w i l l  be  r equ i r ed  n o t  only f o r  e x t r a c t i o n ,  bu t  a l s o  f o r  p y r o l y t i c  
cracking.  

Samples of s h a l e  co re  from f i v e  w e l l s  have been analyzed by m a s s  spectrometry f o r  s t a b l e  carbon 
i s o t o p e  values .  P r i o r  t o  a n a l y s i s ,  t h e  inorganic  carbon w a s  removed by a c i d i f i c a t i o n .  The t o t a l  
organic  carbon w a s  converted t o  C02 and its de l t a l3C  w a s  measured relative t o  PDB. 
r e s u l t s  show a s t rong  c o r r e l a t i o n  t o  t h e  organic  matter type.  I n  gene ra l ,  t h e  samples c l a s s i f i e d  as 
gas  prone, r e s t r i c t e d  marine o r  nonmarine are cha rac t e r i zed  by de l t a l3C  v a l u e s  ranging from -24.6 t o  
about -28. 
amorphous kerogen i s  cha rac t e r i zed  by i s o t o p i c a l l y  l i g h t e r  de l t a l3C  va lues  (-27 t o  -31). Four of  
t h e  f i v e  w e l l s  have been exposed t o  a similar thermal h i s t o r y .  
more thermally mature (Table 8). Delta1% v a l u e s  from t h e  nonmarine s h a l e s  (gas  prone) from VA-1 
appear t o  be i s o t o p i c a l l y  l i g h t e r  t han  t h e  nonmarine s h a l e s  i n  t h e  o t h e r  fou r  w e l l s .  
thermal maturat ion on kerogens of similar type u s u a l l y  produces a kerogen which becomes inc reas ing ly  
heav ie r  r e l a t i v e  t o  13C/12C.  The d a t a  i n d i c a t e  t h a t  the opposi te  e f f e c t  h a s  taken p lace ,  namely 
t h e  organic  ma t t e r  h a s  become s l i g h t l y  l i g h t e r .  Previous s t u d i e s  performed on crude o i l s  and kero- 
gens have shown t h a t  de l t a l3C  va lues  of -23 t o  -29 are i n d i c a t i v e  of marine der ived o rgan ic  matter. 
Values of -29 t o  -33 u s u a l l y  i n d i c a t e  marine o rgan ic  m a t t e r .  
s e l e c t e d  Eas t e rn  g a s  s h a l e s  seems to show an inve r se  r e l a t i o n s h i p  when compared t o  previous carbon 

The delta13C 

The o i l  prone, more marine type of organic  matter composed mostly of herbaceous and 

The o rgan ic  matter from t h e  VA-1 i s  

Inc reas ing  

Tne i n i t i a l  r e s u l t s  obtained on 
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isotope studies. 

More samples from other wells are currently being analyzed to establish if this inverse rela- 
tionship does exist and why it does occur. 
on both the C1-C7 gas species and the Material Balance Assay oil product. 

Stable carbon isotope work is also currently in progress 

CONCLUSIONS 

The Devonian shales are evaluated as a potential source of oil and gas based upon the type of 

A preliminary evaluation of the geochemical 
kerogen present, its degree of thermal alteration, the nature of hydrocarbons which it has been 
generated and the hydrocarbons produced by pyrolysis. 
data obtained from the core material seems to indicate that the samples from the western region 
have the greatest organic richness and contain the more abundant oil prone organic matter. 
well contained the most C1-C4 hydrocarbon gases, a minimum of 46 B Cu.ft./unit volume. 

The VA-1 

The degree of thermal alteration has been sufficient to initiate the hydrocarbon forming process 
in the Devonian shales in all the wells examined to date. Shales from the wells in the western re- 
gion are at approximately the same level of maturation. 
slightly more mature. 

The shales from the KY-2 and VA-1 wells are 
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STRUCTURAL CHARACTER1 ZATI  ON OF B I TUPIEN AND KEROGEN FROPI DEVONIAN SYALE 

T. F. Yen, C. S. Wen, J. I. S. Tang, J. T. Kwan, D. K. Young, and Edith Chow 

University of Southern California 
University Park, Los Angeles 90007 

ABSTRACT 

Both the bitumen and kerogen concentrates from a Cottageville Devonian Marine shale core sample 
have been isolated. The bitumens are further fractionated into hydrocarbons, polar resins, and 
asphaltic material. 
(CPI) was used as a parameter for the correlation of the maturation of shales. 
kerogen has been elucidated by physical as well as chemical methods. 
compared with that of the lacustrine shale of the Green River Formation. 
(Supported by ERDA-MERC under contract no. EY-77-9-21-8104) 

Each fraction has been individually characterized. Carbon preference index 
The structure of 

The molecular structure was 

INTRODUCTION 

The study of the organic components of the gas- and oil-bearing shale is essential, since both 
the bitumen (solvent extractable) and the kerogen (insoluble) play an important role in exploration 
as well as production. We have recently studied the cored sample of the Devonian series from wells 
near Cottageville in Jackson County, West Virginia. 
of the Brown Shale which includes the Hampshire and Chemung Groups as well as the Marcellus shale. 
Cored wells with depth of ca. 3400-3800 ft. are numbered 11940 and 12041 respectively. 

The sample represents both Zone 11 and Zone I11 

Isolation of Bitumen 

Ground shale samples (-200 mesh) were used for both the Soxhlet extraction (continuous mode at 
refluxing temperature of solvent) and hot soaking (stationary mode at 85O C) to achieve the highest 
extraction efficiency. The solvent systems in general were benzene, benzene-methanol, acetonitrile, 
ethylene diamine, 1 methyl-napthalene as shown in Table 1. In order t o  make a comparison, they 
were applied over B chosen period of 10 hours. From the date it is evident that increase in 
polarity of the solvent system facilitates the extraction. The system that used benzene-methanol 
as an azeotrope composition appears to be the best one. 

Elemental analyses of some Devonian shale bitumens are listed in Table 11. The H/C atom ratio 
is a good indicator o f  the extent of saturated carbon content and aromatic carbon content of the 
given fractions. The range of Devonian shale bitumens in 1.52-1.56 indicates that they are most 
likely to have small amounts of  aromatic molecules. The Green River oil shale bitumen has a H/C 
value of 1.68 ,  which indicates that it has an even more saturated carbon content. The average 
molecular weights of the Devonian bitumens were 378 (No. 8 ) ,  395 (No. 4 3 )  and 760 (No. 25) by vapor 
pressure osmometry, and probably contain molecules ranging from 100 to 900 in molecular weight. 

Carbon Preference Index 

Gas chromatography has been used to characterize Devonian shale bitumens. The example shown in 
Fig. 1 is derived from No. 8 of Core No. 11940. The column used is 3% Dexsil 300 on chromosorb Q. 
n-Alkanes are found to be predominant. 
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2 STRUCTURAL CHARACTERIZATION OF BITUMEN AND KEROGEN FROM DEVONIAN SHALE EGS-36 

In this manner, the carbon preference index (CPI) has been calculated for correlation with 
maturation. 
111 where CPI is expressed as the ratio of the amount of odd carbon-numbered n-alkanes to that of 
even carbon-numbered ones [1,2]. Three samples (#8, 843, and 855,56, Core #11940) fall between 
the geological ages of Chattanooga shale (Devonian, 300 x lo6 years) and Appalachian shale (Ordovi- 
cian, 400 x lo6 years). The low value of CPI obtained for the #25 sample (CPI 0.70) could be due to 
the non-uniform distribution of hydrocarbons in the sample, since the organic carbon content of this 
sample is only 0.16% (wt.). 

Usually, maturation causes a more random distribution of n-alkanes, as shown in Table 

The distribution of n-alkanes in #43 bitumens extracted by different benzene methanol solvent 
systems is shown in Fig. 2. 
ponents in bitumen are investigated by using the solubility parameter. 
6, is defined as the square root of the potential energy per millimeter of material. 
solubility parameter of the mixture of components 1 and 2 withu, and vZvolume fractions can be esti- 
mated from the following formula: 

Effects of the solvent systems on the distribution of dominant com- 
The solubility parameter, 

The effective 

In the benzene methanol systems, the effective solubility parameter is increased by increasing 
the amount of methanol. Table IV lists the dominant n-alkane components of bitumen at different 
ratios of benzene to methanol. 
in dominant components that is obtained. 

The higher the solubility parameter is, the larger the carbon number 

Fractionation of Bitumens 

The benzene-extracted bitumen was precipitated with excess n-hexane to recover the asphaltene. 
The deasphaltened bitumen was loaded onto a silica gel column and a neutral oil fraction was first 
recovered. Subsequently, benzene-n-hexane, as well as tetrahydrofuran (THF), was used as an eluate 
to obtain the polar materials. The product distribution was as follows: neutral oil (58%), benzene- 
hexane (50:50) cut (12%), THF cut (18%), asphaltene (2%). The elemental analyses of these fractions 
are listed in Table 11. The H/C ratio decreases from 1.69 to 1.36 and then to 1.32. As can be seen 
from the NMR spectrum in Fig. 3, the asphaltene fraction is the most aromatic. This is supported by 
the evidence of C-H out of plane bending vibrations in the infrared spectra (Fig. 4). 
to the Green River bitumen asphaltene, the Devonian shale bitumen asphaltene is quite aromatic. The 
73lCm-l polymethylene band in the infrared spectrum of the Green River bitumen asphaltene is unique 
(Fig. 4B). The long-chain methylene structure in Green River kerogen is known [31. The aromaticity 
value of Devonian shale bitumen asphaltene as determined by the x-ray method is 0.49, in contrast to 
the low value of that from Green River bitumen asphaltene, which is 0.23. 

In contrast 

The straight chain hydrocarbons were removed from the neutral oil fraction by urea adduction. 
The paraffin-free neutral oil was analyzed by gas chromatography-mass spectrometry (GC-MS). 
fraction contains largely 2- and 3-ring condensed aromatics substituted with mono-, di-, tri-, and 

This 

tetra- C1 to C3 alkyl substituents with the highly substituted ones as major components (Fig. 8) 
Nuclear magnetic resonance s ectra have been obtained for all fractions, and the structural para- 
meters have also been determgned. 

The geochemical significance of the asphaltenes is essential. The Green River bitumen asphaltene 
Thus, the nature of the as- is less aromatic; Devonian shale bitumen asphaltene is more aromatic. 

phaltene may be an useful indicator for maturation studies. 

Isolation of Kerogen Concentrates 

Kerogen concentrates were prepared under an acid leaching method which was modified from the 
method used for Green River oil shales [ 4 ] .  
shales is possible. A summary of the results of kerogen concentrates is shown in Table V, in which 
about 9% (by weight) of the kerogen concentrate was obtained from #43 (approximately 3714 ft.) sam- 
ple, 8% from #8 (approximately 3445 ft.) sample, and 0.5% from #25 (approximately 3625 ft.) sample. 

The removal of particular types of minerals in Devonian 

Devonian raw shale contains 1-3% (by weight ) of pyrite. Pyrite is extremely difficult to 
separate from the shale organic material. 
gen concentrates (Fig. 7 )  or from the x-ray powder pattern (Fig. 9). 

This can be seen clearly from the infrared data of kero- 
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Three different approaches are being worked upon to effect the removal of pyrite in order to 
minimize the ash content. They include the electrolytic treatment [5], the reduction method with 
lithium aluminum hydride [6], and bioleaching with Ferobacillus ferooxidans [7]. 

Currently, both the lithium aluminum hydride reduction and the electrolytic treatment have been 
successful in completely removing the pyrite from kerogen concentrates. 
pyrite peak as a semiquantitative point of reference, as indicated in Fig. 7A, -B, and -C, progres- 
sively the peak disappears. 
at this time. 

Using the far infrared 

A typical Devonian shale kerogen concentrate exhibits an ash incomplete 

Structural Characterization of Kerogen Concentrate 

The recently developed x-ray diffraction method for mesomorphic substance [81 was used to study 
the Devonian shale kerogen concentrate. 
to x-ray studies. A reduced intensity plot of this kerogen is presented in Fig. 10. The aromati- 
city value was computed to be fa=0.37. It should be noted that the kerogen concentrate from Green 
River oil shale is fa=0.15 [9]. Both the x-ray method [8] and the solid state nuclear magnetic 
resonance method [lo] yield identical results. Also in this instance, the Appalachian black shale 
has an aromaticity value of fa=0.50. 
parameter. 

The low-ash kerogen sample #43 (core #11940) was subjected 

We verified that the aromaticity value is a good maturation 

Oxidative degradation of the kerogen concentrate has also been studied. The method is similar 
to the one applied to Green River oil shale kerogen [ll] where smaller quantitites of aqueous al- 
kaline permanganate were used for the stepwise, controlled oxidation of the kerogen molecule. The 
same method has also been applied to lignite with success [12]. During the course of the degrada- 
tive studies, the larger molecules appeared to be released in the intermediate steps. 
in Fig. 5, the gel permeation chromatogram from high pressure liquid chromatography indicates that 
in Steps 4-6, larger molecules are fragmented in a 7-step oxidation process. 
are closer to those from coal than those from the Green River oil shale kerogen. 
(Fig. 6) of the derivitized acids from ether precipitation of a middle oxidized fraction of the De- 
vonian shale kerogen concentrate indicates a similarity to the humic- or subhumic-like components de- 
rived from the chemical oxidation of many coals [13]. 
in that fraction. 

For example, 

The molecules released 
A gas chromatogram 

There are numerous substituted aromatic acids 

Conclusion 

The organic components from Devonian shale are definitely different from those of the Green 
River oil shale. 
quite aromatic. The asphaltene (from bitumen) and the kerogen concentrate can be used as maturation 
indicators within the shale deposits in different locations, as well as in different formations. 
Asphaltenes from Devonian shales are similar to that from petroleum, whereas the kerogen from De- 
vonian shale is close to coal. These findings suggest that there could be extremely serious en- 
vironmental problems from the contamination when Devonian shale is explored by drastic means after 
fracturing. 

For the first time, the bitumen and kerogen from Devonian shale are found to be 
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Table I. Extraction of Bitumens from Devonian Shale 

Sample No. 

8 
I 1  

11 

I 1  

I 1  

I 1  

I 1  

I 1  

2Sa9 
1 1  

I 1  

I1 

11 

I t  

11  

I 1  

43a, 
I 1  

11  

I 1  

I 1  

11 

I 1  

11 

11  

11 

5 5 -$6a’ f 
5-6 ’ 
50-5lbY 

Extraction 
Method 

Soxhlet 
11 

11 

Hot Soaking 
11  

11  

11 

I 1  

Soxhlet 
11  

I 1  

Hot Soaking 
11  

I 1  

I 1  

11 

Soxhlet 
11  

I 1  

11  

Hot Soaking 
I 1  

I 1  

I 1  

11  

11 

Soxhlet 
11 

I 1  

Solvent Composition 

Benzene, 100% 
Azeotrope of Benzene/Methanol 
Acetonitrile, 100% 
Benzene, 100% 
Benzene 80% - Methanol 20% 
Benzene 75% - Methanol 25% 
Benzene 67% - Methanol 33% 
Benzene 50% - Methanol 50% 
Benzene, 100% 
Azeotrope of BenzeneIMethanol 
Acetonitrile, 100% 
Benzene, 100% 
Benzene 80% - Methanol 20% 
Benzene 75% - Methanol 25% 
Benzene 67% - Methanol 33% 
Benzene 50% - Methanol 50% 
Benzene 100% 
Azeotrope of Benzene/Methanol 
Acetonitrile, 100% 
Ethylene diamine, 100% 
Benzene 100% 
Benzene 80% - Methanol 20% 
Benzene 75% - Methanol 25% 
Benzene 67% - Methanol 33% 
Benzene 50% - Methanol 50% 
1 Menthyl-Naphthalene 
Benzene, 100% 
Benzene, 100% 
Benzene, 100% 

5 

i Bitumen 
(%, wt.) 

1.5 
1.8 
1.8 
1.4 
1.7 
1.9 
3.1 
1.4 
1.1 
1.7 
1.0 
1.3 
1.7 
1.5 
1.2 
1.9 
1.2 
2.2 
1.3 
3.4 
1.4 
2.1 
2.3 
2.3 
1.5 
2.7 
1.0 
1.0 
1.4 

a bFrom Core No. 11940 
From Core No. 12041 

d3624.80-3625.23 ft. 
3445.10-3445.60 ft. C 

3713.78-3714.43 ft. e 
f3773.68-3782.35 ft. 
g3240.15-3245.55 ft . 
:3464.95-3470.35 ft . 
The amount of bitumen was based 
on weight loss. 
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Table 11. Elemental Analysis of Organics of Shale and Related Materialsa 

Substance 0rg.C (wt%) 

#8 Bitumen 82.0 
#43 Bitumen 82.8 
#43-EDA-Bitumen' 81.4 
#55-56 Bitumen 87.2 
Green River Bitumen 79.4 
Green River Shale 85.8 
Oil (Paraho) 

Green River Shale 85.1 
Oil (TOSCO 11) 

Paraho Shale Oil 75.6 
Asphaltene (Green River) 

#55-56 Bitumen 87.5 
Hexane Eluate 

#55-56 Bitumen 86.2 
Benzene Eluate 

#55-56 Bitumen 81.8 
THF Eluate 

#8 Kerogen Concentrate 43.1 
#25 Kerogen Concentrate 19.0 
#43 Kerogen Concentrate 59.3 
#55-56 Kerogen Concent. 27.7 
Appalachian Shale Kerogen64.1 
Green River Kerogen 68.6 

H (wt%) 

10.5 
10.5 
8.9 
11.3 
11.1 
11.3 

11.6 

7.5 

12.3 

9.8 

9.0 

3.9 
2.0 
6.4 
2.6 
5.5 
8.42 

H/C 
1.54 
1.52 
1.31 
1.56 
1.68 
1.58 

1.64 

1.19 

1.69 

1.36 

1.32 

1.09 
1.28 
1.30 
1.13 
1.03 
1.47 

N (wt%) 

0.9 
0.5 
3.2 
0.4 
0.9 
1.4 

1.9 

3.4 

0.1 

1.0 

0.5 

0.5 
0.2 
0.6 
0.3 
1.8 
3.48 

s (Wt%) 
0.2 
0.1 
0.8 
0.1 
0 . 7  
0.5 

0.9 

0.7 

0.1 

0.1 

0.7 

19.5 
18.5 
14.6 
16.9 
6.2 

Ash (wt%) 

2.6 
N.D. 
2.5 
0.1 
6.8 
0.01 

N.D. 

6.0 

N.D. 

0.2 

0.3 

32.5 
62.0 
21.0 
49.4 
N.D. 

2.41 9.76 

aOther than specified, the shale is Cottageville Devonian shale. 
bN.D. = No Determination. 
Solid bitumen extracted by ethylene diamine (EDA). C 

Table 111. Maturation of Various Oil Shales a,-..b 

Shale 

Green River 
Kentucky 
Chattanooga 
#8 Cottageville 
#43 Cottageville 
#55-56 Cottageville 
Appalachian Black Shale 
#25 Cottageville 

Geological Age Years 

Eocene 
P enns y lvan i an 
Devonian 
Devonian 
Devonian 
Devonian 
Ordovician 
Devonian 

60 
200 
300 - 
- 
400 - 

- -  (lo6) CPI 

1.63 
1.43 
1.17 
1.09 
1.04 
0.91 
0.80 
0.70 

EGS-36 

a bBitumen was extracted by Soxhlet extraction with 100% benzene. 
Core number is 11940 for Cottageville Devonian shale. 
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a 
Table IV. Effect of Solubility Parameter on Bitumen 

Solvent System 
Effective Soh- Domi nt Compo- 
bility Parameter nents in Bitumen CPI - ”t: 

Benzene 100% 9.15 
Benzene 80%-Methanol 20% 10.22 
Benzene 75%-Methanol 25% 10.49 
Benzene 67%-Methanol 33% 10.93 
Benzene 50%-Methanol 50% 11.83 

‘11’ ‘12’ El3 
‘11’ 3 2 ’  $5 
‘15’ c12’ c13 
213’ ,14’ ,15 

1.10 
0.98 
1.01 
1.02 
1.01 

a bBitumen was extracted by hot soaking from 4 3  sample (Core No. 11940). 
The first three major components from GC analysis were selected t o  represent 
the dominant components in the bitumen. 

Table V. Stepwise Preparation of Kerogen from Raw Devonian Shale (Percentage 
Distribution totalling 100% for each sample.) 

% Wt. Loss 
?i Wt. LOSS % Wt. Loss of Pyrite % 

Sample % from HCL from HF/HCL from LiAlH % Wt.a Mineral 
no. Bitumen Leaching Leaching Reduction Kerogen Residue 

8 1.7 5.0 84.5 - 5.9 2.gb 
25 1.2 17.8 80.6 - 0.3 0.2b 
43 2.3 6.0 82.0 1.4 7.1 l.lC d 

a Ash-free kerogen (organic only) 

Including pyrite 

Pyrite- free 

Original pyrite for #43 is 1.8% 

C 
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Ii4TERN SUFACE AREA AND POROSITY I N  EASTERN 
GAS SHALES FW.1 ME SORPTION OF NITNGEN, 

C" DIOXIDE, NO IITtN4E-A STATUS REPORT 

Josephus Thomas, Jr., and Robert R. F r o s t  
I l l i n o i s  S t a t e  Geological  Survey 

Urbana, I l l i n o i s  

ABSTRACT 

The adso rp t ion  of Np a t  -196OC and of C02 a t  -77OC on e a s t e r n  gas s h a l e s  r evea l s  s i g n i f i c a n t  d i f -  
f e r ences  i n  t h e i r  micropore s t r u c t u r e s .  Owing t o  d i f f e r e n c e s  i n  t h e  a c t i v a t e d  d i f f u s i o n  of t h e  two 
gases  a t  t h e i r  r e s p e c t i v e  adsorpt ion temperatures,  as s t u d i e s  on molecular s i e v e s  and coa l s  have shorn,  
Cop i s  a b l e  t o  p e n e t r a t e  pores  less than 4 t o  5 ft i n  diameter ,  whereas N 2  i s  unable t o  do SO. 

measure of t h i s  d i f f e r e n c e  is  i n  t h e  i n t e r n a l  s u r f a c e  area ( I S A )  est imated from t h e  BET method. For 
example, s h a l e  samples from a Kentucky core,  w i th  C o p  as t h e  adsorbate ,  have ISA va lues  ranging from 
10 t o  39 m2/g, whereas t h e  ISA va lues  from N 2  adsorpt ion on t h e  same samples range from 0.8 t o  8.7 
m2/g, 
g r e a t l y  decreased i n  comparison with t h e  d i f f u s i o n  rate from s h a l e s  containing l a r g e r  pores.  

One 

The d i f f u s i o n  ra te  of a gas i n i t i a l l y  contained w i t h i n  such an ul t ramicroporous network w i l l  be  

High-pressure (up t o  80 atmospheres) methane s o r p t i o n  isotherms nea r  room temperature are shown 
f o r  s e l e c t e d  s h a l e  samples. 
po ros i ty  and t h e  gas-holding capac i ty  of s h a l e s  a t  depth of b u r i a l .  

These isotherms provide supplemental  information wi th  regard t o  t o t a l  

INTRODUCTION 

The determinat ion of t h e  n a t u r e  and ex ten t  of  p!rosity i n  a p o l y c r y s t a l l i n e  mater ia l  i s  o f t e n  
very d i f f i c u l t .  
t h a t  they may not  b e  considered pores  i n  a p r a c t i c a l  sense;  even s o ,  t h e  po ros i ty  of p o l y c r y s t a l l i n e  
aggregates  i s  gene ra l ly  underestimated. 

Void spaces  1 t o  2 angstrom u n i t s  (A) i n  diameter along g r a i n  boundaries are s o  small  

I n  closed-pore s t r u c t u r e s  t h e  pores are almost completely i s o l a t e d ,  which r e s u l t s  i n  low perme- 
a b i l i t y  of t h e  material t o  gases and l i q u i d s .  I n  most l imestones,  f o r  example, s l i g h t  s o l u b i l i z a t i o n  
of sediments,  r e c r y s t a l l i z a t i o n ,  and cementation of g r a i n s  under compaction i s o l a t e  t h e  pores.  The 
po ros i ty  of s i n t e r e d  m e t a l l i c  and ceramic compacts i s  a l s o  of t h i s  type. 

Special-shaped micropores e x i s t  between t h e  lamellae of l a y e r - l a t t i c e  s t r u c t u r e s  i n  which 
van de r  Waals' f o r c e s  predominate. Gases o r  l i q u i d s  t h a t  can overcome t h e  van derWaals '  f o r c e s  can 
p e n e t r a t e ,  o r  i n t e r c a l a t e ,  t hese  s t r u c t u r e s .  The c l ay  mineral  montmori l loni te ,  e a s i l y  permeated by 
p o l a r  gas and l i q u i d  molecules,  i s  t h e  c l a s s i c  example of t h i s  type. Pa r t i a l ly -o rde red  carbon b l acks  
and even g raph i t e  can b e  i n t e r c a l a t e d  t o  some e x t e n t  by c e r t a i n  ino rgan ic  compounds. 

In t e rconnec t ing  pore s t r u c t u r e s  are b e s t  exemplified by those  i n  z e o l i t e s  and s y n t h e t i c  molecular 
s i e v e s ,  i n  which t h e  r i g i d  s i l i c a  s k e l e t a l  frameworks y i e l d  r a t h e r  w e l l  def ined pores t h a t  have a 
f a i r l y  narrow range of s i z e .  A s imi la r  pore s t r u c t u r e ,  with a not-so-well-defined range of pore 
siz:, 
10 A i n  diameter) r e s u l t  from a p a r t i a l  f i l l i n g  o r  l i n i n g  of pore space with nongaseous organic  matter. 
A s  d a t a  i n  t h e  p re sen t  r e p o r t  w i l l  show, black s h a l e s  have a s imi l a r  p a r t i a l l y  in t e rconnec t ing  pore 

i s  p resen t  i n  c o a l s  [l], i n  which r a t h e r  t o r tuous  channels of molecular dimensions (less than 
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s t r u c t u r e .  The p resence  of t h e s e  u l t r amic ropores  is  of s p e c i a l  s i g n i f i c a n c e ;  t h e  pores  are l a r g e  
enough t o  c o n t a i n  a p p r e c i a b l e  q u a n t i t i e s  of c e r t a i n  gases  of s m a l l  molecular  dimensions (e.g., 
methane, e thane ,  and o t h e r  longer-chain hydrocarbons posses s ing  l i t t l e  s i d e  b ranch ing) ,  y e t  t h e  pores  
a r e  s o  s m a l l  t h a t  they  markedly i n f l u e n c e  t h e  d i f f u s i o n  rates of t h e  conta ined  gases .  

A d i r e c t  s tudy  of p o r o s i t y  can b: made wi th  an e l e c t r o n  microscope, a l though dur ing  s tudy  of t h e  
smallest pores  ( t h o s e  less than  10 A i n  d iameter )  t h e  o p e r a t i n g  cond i t ions  must b e  f a v o r a b l e ,  and t h e  
f i e l d  of view, which i s  n e c e s s a r i l y  small ,  p reven t s  a c c u r a t e  s t a t i s t i c a l  e v a l u a t i o n  of t h e  pore  
s i z e s .  T o t a l  p o r o s i t y  can b e  eva lua ted  by t h e  low-angle s c a t t e r i n g  of X-rays and by t h e  u s e  of 
he l ium and mercury i n  d e n s i t y  de t e rmina t ions .  
r ega rd ing  v a r i a t i o n s  of pore  s i z e .  
under i n c r e a s i n g  p r e s s u r e  i n t o  po res ,  p rov ides  in fo rma t ion  about po re  s i z e  v a r i a t i o n s  i n  open-pore 
s t r u c t u r e s  , t u t  w i th  commercial appara tus  t h e  method has  a lower l i m i t  of pore-diameter p e n e t r a t i o n  
of about 30 A. Thus, much of t h e  p o r o s i t y  i n  c o a l s  and t h e  b l ack  s h a l e s  cannot b e  s t u d i e d  by t h i s  
method. 

These methods, however, p rovide  l i t t l e  in fo rma t ion  
Mercury poros imet ry ,  which invo lves  t h e  i n t r u s i o n  of mercury 

The only  exper imenta l  approach t h a t  provides  u s e f u l  i n fo rma t ion  wi th  r ega rd  t o  t h e s e  u l t r amic ro -  
pores  invo lves  gas  adso rp t ion  ( s o r p t i o n )  methods. 
molecular  s i e v e s  and by Walker and Geller 141 and Anderson e t  a l .  [5,  61 on c o a l s  have e s t a b l i s h e d  
t h a t  caf;bon d iox ide  a s  an adso rba te  a t  -77 C can p e n e t r a t e  pores  having d iameters  less than  about 
4 t o  5 A,  whereas n i t r o g e n ,  t h e  adso rba te  u s u a l l y  used a t  -196OC i n  t h e  c l a s s i c  BET method [7], 
f a i l s  t o  do so.  Although t h e r e  i s  an apparent  paradox h e r e  i n  t h a t  N 2  i s  a smaller molecule than  
C O 2 ,  and a g r e a t e r  d i f f u s i o n  ra te  is  g e n e r a l l y  a s s o c i a t e d  wi th  smaller molecules ,  t h e  r o l e  of t e m -  
p e r a t u r e  i s  of g r e a t  s i g n i f i c a n c e  wi th  pores  of molecular  dimensions,  producing l a r g e  d i f f e r e n c e s  i n  
t h e  a c t i v a t i o n  e n e r g i e s  of d i f f u s i n g  gases .  Ni t rogen  has  a much h i g h e r  a c t i v a t i o n  energy f o r  d i f -  
f u s i o n  than  does C02 a t  t h e i r  r e s p e c t i v e  a d s o r p t i p  tempera tures .  Thus, C02 i s  a v a l u a b l e  molecular  
probe  i n  e v a l u a t i n g  po res  less than  about 4 t o  5 A i n  d iameter .  A measure of t h i s  p o r o s i t y  i s  t h e  
i n t e r n a l  s u r f a c e  a r e a  e s t ima ted  by t h e  BET method [7]. Although t h e  theo ry  upon which t h i s  method 
i s  based has  some shortcomings ( a s  do o t h e r  gas s o r p t i o n  t h e o r i e s )  when a p p l i e d  t o  pores  of molecular  
dimensions,  t h e  r e l a t i v e  adso rp t ion  v a l u e s  ob ta ined  are r ep roduc ib le  and u s e f u l  f o r  c o r r e l a t i v e  pur- 
poses.  
Damberger [ 1 3 .  

S t u d i e s  by Breck e t  a l .  [2] and Lamond [3] on 

The use  of CO2 as an adso rba te  f o r  t h i s  purpose has  been reviewed r e c e n t l y  by Thomas and 

Methane as a s o r b a t e  n e a r  room tempera ture  and a t  i nc reased  p r e s s u r e s  y i e l d s  i so therms t h a t  pro- 
v i d e  a d d i t i o n a l  i n fo rma t ion  r ega rd ing  t h e  r e l a t i v e  t o t a l  p o r o s i t i e s  of s h a l e  samples and t h e i r  gas- 
ho ld ing  c a p a c i t i e s  a t  depths  of b u r i a l .  

EXPERIMENTAL PROCEDURES 

Data f o r  i n t e r n a l  s u r f a c e  a r e a  (ISA) measurements w i th  N 2  and C02 as adso rba te s  a t  -196OC and 
-77  C ,  r e s p e c t i v e l y ,  were ob ta ined  by a dynamic s o r p t i o n  method. This  method is  commonly c a l l e d  t h e  
gas chromatographic method, a s  t h e  p r i n c i p l e s  involved  i n  t h e  measurements are s imi la r  t o  those  used 
i n  gas  chromatography. Apparatus is  b a s i c a l l y  t h a t  f i r s t  desc r ibed  by Nelsen and Egger t sen  [81 and 
la te r  r e f i n e d  by Daeschner and S t r o s s  [g]. 

0 

For t h e  h igh-pressure  (1 t o  80 atmospheres) methane s o r p t i o n  i so therms,  appa ra tus  s imi la r  t o  t h a t  
desc r ibed  by Dubinin et  a l .  [ l o ]  w a s  cons t ruc t ed  w i t h  s l i g h t  mod i f i ca t ions  f o r  improved readout  of 
p r e s s u r e  . 

Sha le  samples were crushed and screened .  The 40-x-120-mesh (about  425 t o  125 pm) s i e v e  f r a c t i o n s  
The 6-x-12-mesh were used f o r  t h e  i n t e r n a l  s u r f a c e  a r e a  measurements w i t h  N 2  and C02 a s  adso rba te s .  

(about 3.4 t o  1 . 7  mm) s i e v e  f r a c t i o n s  were used f o r  t h e  h igh-pressure  methane s o r p t i o n  i so therms.  

For t h e  I S A  de t e rmina t ions ,  s h a l e  samples of 0.5 t o  1.0 g were outgassed  a t  l l O ° C  i n  a stream of 
0 helium f o r  3 hours.  A check on 

two d i f f e r e n t  samples showed t h a t  no a d d i t i o n a l  N 2  w a s  adsorbed a f t e r  4 hours  above t h a t  adsorbed i n  
10 minutes a t  a cons t an t  r e l a t i v e  p r e s s u r e ,  Thusd an e q u i l i b r i u m  t i m e  of 10 minutes w a s  s u i t a b l e  
f o r  each p o i n t .  With CO2 as t h e  adso rba te  a t  -77 C ,  however, an e q u i l i b r i u m  t i m e  of 16 hours  was 
necessa ry  because  of t h e  slow a c t i v a t e d  d i f f u s i o n .  
o r i g i n  w a s  used as a measure of t h e  ISA.  
t h e  s a t u r a t i o n o v a p o r  p r e s s u r e  w a s  1450 mm. 
t i o n s  i s  22.1 A2,  based on c a l i b r a t i o n  wi th  s t anda rds  of known s u r f a c e  a r e a s  [l]. 

Three-point BET p l o t s  were used wi th  N 2  a s  t h e  a d s o r b a t e  a t  -196 C. 

A s ing le -po in t  BET p l o t  pas s ing  through t h e  
A r e l a t i v e  p r e s s u r e  (p/po) of about 0.15 w a s  used f o r  Cop: 

The area occupied by t h e  C02 molecule under t h e s e  condi- 
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i n t o  a high-pressure c e l l ,  and outgassing was conducted under vacuum u n t i l  a p re s su re  of less than  
lod3 mm w a s  a t t a i n e d .  
t r a n s f e r r e d  t o  t h e  c e l l ,  and p res su re  d i f f e r e n c e s  w e r e  determined a t  constant  temperature as a 
measure of t h e  uptake of methane by t h e  sample. 

For t h e  high-pressure methane s o r p t i o n  isotherms,  approximately 50 t o  60 g of sample were weighed 

The dead space was determined with helium. Known increments of methane were 

Samples from only two cores  have been s tud ied  extensively.  Both were from t h e  I l l i n o i s  Basin. 
The more r ecen t  core  i s  designated Orbi t  #1 Clark Well from C h r i s t i a n  County, Kentucky (near  
Crofton).  The o l d e r  co re  (1939) is  designated Miller #1 Sample from Sangamon County, I l l i n o i s  (nea r  
Mechanicsburg). From a simple v i s u a l  examination, and as o rgan ic  carbon analyses  have shown, t h e  
samples from t h e  Kentucky co re  were gene ra l ly  darker  and obviously contained more organic  material 
than samples from t h e  I l l i n o i s  core. 

RESULTS AND DISCUSSION 

I n t e r n a l  s u r f a c e  area values  are given i n  t a b l e s  1 and 2 f o r  samples from t h e  Kentucky and Illi- 
n o i s  cores.  Since t h e  e x t e r n a l  s u r f a c e  a rea  of 40-x-120-mesh porous p a r t i c l e s  i s  an i n s i g n i f i c a n t  
f r a c t i o n  ( l e s s  than 0.1 m2/g) of t h e  t o t a l  measured s u r f a c e ,  i t  i s  included i n  each of t h e  ISA 
values .  

A s u r f a c e  a r e a  va lue  f o r  a s h a l e  sample, e i t h e r  from C02 o r  N 2  adsorpt ion d a t a ,  w i l l  b e  governed 
t o  some ex ten t  by t h e  heterogenei ty  of t h e  sample ( i . e .  , t h e  presence of s i l i c a ,  carbonates ,  and 
o t h e r  i no rgan ic  components and v a r i a t i o n s  i n  t h e  c l ay  minerals  r a t i o )  and by t h e  c r y s t a l l i t e  s i z e s  
of t h e  components. Accordingly, u n t i l  chemical and mineralogical  analyses  of t h e  samples a r e  com- 
p l e t e d ,  too much s i g n i f i c a n c e  should not  be a t t ached  t o  t h e  I S A  values  shown w i t h i n  e i t h e r  t h e  t h i r d  
o r  fou r th  columns of t a b l e s  1 and 2. 
f i f t h  column of each t a b l e .  

Of more s i g n i f i c a n c e  a r e  t h e  COg/Ng ISA r a t i o s  shown i n  t h e  

The large: t h i s  r a t i o ,  t h e  g r e a t e r  t h e  proport ion of t h e  po ros i ty  t h a t  i s  contained i n  pores less 
0 than 4 t o  5 A i n  diameter.  

t h e  r a t i o  is  l a r g e ,  t h e  sample has  a more compact pore s t r u c t u r e ,  and t h e  d i f f u s i o n  r a t e s  of con- 
t a ined  gases w i l l  b e  lower than d i f f u s i o n  rates of contained gases from samples having loxe r  I S A  
r a t i o s .  With t h e  l a t t e r  samples, i t  i s  r e a d i l y  a sce r t a ined  from t h e  d a t a  t h a t  N 2  a t  -196 C reaches 
a g r e a t e r  p ropor t ion  of t h e  i n t e r n a l  su r f ace .  I n  those cases  where t h e  ISA r a t i o  i s  e s s e n t i a l l y  1, 
t h e r e  i s  l i t t l e  po ros i ty  a s soc ia t ed  with pores less than 4 t o  5 A i n  diameter.  

C02 a t  - 7 7 O C  p e n e t r a t e s  t hese  pores ,  whereas Ng a t  -196 C does not .  When 

The ISA r a t i o s  f o r  t h e  s h a l e  samples from t h e  Kentucky co re  ( t a b l e  1) are, f o r  t h e  most p a r t ,  ap- 
p rec i ab ly  l a r g e r  than t h e  I S A  r a t i o s  f o r  samples from t h e  I l l i n o i s  core  ( t a b l e  2 ) .  The organic  car- 
bon contents  of samples from t h e  Kentucky core are, i n  gene ra l ,  g r e a t e r  than t h e  organic  carbon con- 
t e n t s  of t h e  I l l i n o i s  co.re. The h ighe r  I S A  r a t i o s  c o r r e l a t e  c lose ly  with t h e  o rgan ic  carbon contents .  
Thus, t h e  f i r s t  two samples and t h e  seventh sample (01C1, 02C1, and 07C1) i n  t a b l e l ,  which have l a r g e  
C02/Ng I S A  r a t i o s  a l s o  con ta in  t h e  most a rgan ic  carbon. 
i n  t a b l e  2. 

A s imi la r  s i t u a t i o n  p r e v a i l s  f o r  t h e  samples 

ISA values  from Cog adsorpt ion range from about 10.0 t o  39.3 m2/g f o r  samples from t h e  Kentucky 
core and cover about t h e  same range (10.1 t o  34.4 m2/g) f o r  samples from t h e  I l l i n o i s  core.  I S A  
va lues  from Ng adso rp t ion  are much lower (0.9 t o  8.7 m2/g) f o r  samples from t h e  Kentucky co re  i n  
comparison wi th  those (5.5 t o  27.4 m2/g) f o r  samples from t h e  I l l i n o i s  core.  Thus, i t  would appear 
t h a t  much of t h e  o rgan ic  matter occupies and l i n e s  t h e  pores and e f f e c t i v e l y  reduces pore diameters 
such t h a t  Ng can no longe r  permeate t h e  po ros i ty  bu t  Cog can. 

A s  a f u r t h e r  check on t h e  concept of occupation of pore space by organic  matter, sample O l C l  from 

Data a r e  summarized 
t h e  Kentucky core,  which had t h e  l a r g e s t  C 0 2 / N 2  ISA r a t i o  (26.2),  w a s  s e l e c t e d  f o r  outgassing a t  
h ighe r  temperatures t o  s tudy t h e  in f luence  of t h i s  t reatment  on t h e  ISA values .  
i n  t a b l e  3. 

0 0 
Although t h e  ISA from CO2 adsorpt ion does no t  change markedly a f t e r  outggssing a t  230 C and 340 C ,  

t h e  I S A  from N 2  adsorpt ion inc reases  about fou r fo ld  a f t e r  outgassing a t  340 C. 
i nc reases  sharply.  A s  t h i s  outgassing temperature i s  not  s u f f i c i e n t l y  high t o  cause a breakdown of 
t h e  ino rgan ic  matter o r  t o  cause dehydroxylation of t h e  c l ay  minerals ,  t h e  weight l o s s  i s  from loss 
of organic  matter. The organic  material migrates  from t h e  pores  a t  t h e  h ighe r  outgassing tempera- 
t u r e ,  thus opening up some of t h e  ui t ramicropores  and producing h ighe r  N g  I S A  values .  

The weight l o s s  a l s o  
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The measurements w i th  N 2  and C02, important as they are i n  gaining an understanding of t h e  d i f f e r -  

The 
ences i n  u l t r amic roporos i ty  t h a t  i n f luence  t h e  rates of d i f f u s i o n  of contained gases ,  do no t  r e v e a l  
s u f f i c i e n t  information about t h e  t o t a l  po ros i ty  o r  t h e  gas-holding c a p a c i t i e s  of t h e  sha le s .  
ul t ramicropores  provide more s u r f a c e  area but  not n e c e s s a r i l y  more pore volume. The gas-holding 
capac i ty  of a given s h a l e  w i l l  b e  governed by any a d d i t i o n a l  l a r g e r  pores  i n  t h e  s h a l e  t h a t  do not  
c o n t r i b u t e  g r e a t l y  t o  t h e  ISA values .  
mental  information i n  t h i s  regard.  

The high-pressure methane s o r p t i o n  isotherms provide supple- 

Although d a t a  are as y e t  i n s u f f i c i e n t  t o  permit ex tens ive  i n t e r p r e t a t i o n ,  i t  would appear t h a t  t h e  
Since t h e  po ros i ty  l i g h t e r ,  grayer  s h a l e s  are capable of holding more gas than t h e  darker  sha le s .  

i n  t h e  darker  s h a l e s  i s  p a r t l y  occupied by nongaseous organic  material, t h i s  i s  no t  an unexpected 
r e s u l t .  Whether t h e  gray s h a l e s  a c t u a l l y  hold more gas  a t  depth of b u r i a l  than t h e  da rke r  s h a l e s  i n  
t h e  s t r a t i g r a p h i c  u n i t  i s  another i s s u e .  

Table 4 shows dens i ty  and po ros i ty  va lues  f o r  t h r e e  samples s e l e c t e d  from t h e  I l l i n o i s  core.  The 
f i r s t  sample (01L2), which had t h e  lowest C02/N2 ISA r a t i o  (about l.O), y ie lded  a dens i ty  i n  helium 
of 2.73. 
w a s  2.37. The p o r o s i t y  of t h i s  sample thus w a s  13.3 percent .  By t h e  same methods, sample 15L1, 
which had a C02/N2 ISA r a t i o  of 2.9, w a s  found t o  have a po ros i ty  of 10.5 percen t ,  and sample 17L1 
( C 0 2 / N 2  ISA = 4.71, which w a s  t h e  da rkes t  sample i n  t h e  core ,  had a t o t a l  po ros i ty  of 9.7 percent .  

The dens i ty  i n  mercury, which i s  t h e  p a r t i c l e  dens i ty  without s i g n i f i c a n t  pore pene t r a t ion ,  

Methane s o r p t i o n  isotherms a t  28OC f o r  t hese  t h r e e  samples are shown i n  f i g u r e  1. Two sets of 
curves are shown f o r  t h e  t h r e e  samples; t h e  upper set shows t o t a l  methane sorbed by t h e  t h r e e  sam-  
p l e s ,  and t h e  lower set  r ep resen t s  t h e  phys ica l ly  adsorbed component of t h e  t o t a l  s o r p t i o n  capaci ty .  
The adsorbed component should r e f l e c t  t h e  presence o r  absence of u l t r amic roporos i ty ,  reaching a 
l i m i t i n g  va lue  r a t h e r  quickly when t h e r e  is r e s t r i c t i o n  i n  t h e  build-up of t h e  adsorbed l aye r .  

A s  a r u l e  of thumb, every f o o t  of depth of b u r i a l  i n  sediments i n c r e a s e s  t h e  pressure 1 p s i  [ I l l .  
A t  1700 f e e t  b u r i a l  depth,  t h e  p re s su re  i s  approximately 115 atmospheres. A s  expected from i t s  
t o t a l  p o r o s i t y ,  sample 01L2 had t h e  g r e a t e s t  gas-holding capac i ty  of t h e  t h r e e  s h a l e s  s tud ied .  
t r a p o l a t i o n  of t h e  uppermost curve,  r ep resen t ing  sample 01L2, t o  115 atmospheres would y i e l d  approx- 
imately lOcc/g, o r  320 f t 3 / t o n  s h a l e  as i t s  methane-holding capac i ty  a t  depth of b u r i a l .  It i s  rec- 
ognized, of course,  t h a t  moisture  and o the r  gases occupy some of t h e  pore volume. The high-pressure 
methane s o r p t i o n  isotherms s e r v e  mainly t o  he lp  c h a r a c t e r i z e  t h e  r e l a t i v e  p o r o s i t i e s  i n  t h e  sha le s .  
Samples from va r ious  geographical  l o c a t i o n s  w i l l  be  examined s i m i l a r l y  i n  t h e  f u t u r e  t o  cover t h e  
gamut of expected l i t h o l o g i e s .  

Ex- 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 
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TABLE 1-INTERNAL SURFACE AREA VALUES FOR SHALE SAMPLES 
FROM CHRISTIAN COUNTY, KENTUCKY (CORE 01KY) 

Depth t o  
t o p  of ISA 

Organic C sample co2 - N 2  
Sample number ( f t )  (mZ/g> (m2/g) C02/N2 (X) 

O l C l  2182.25 39.3 1.50 26.2 14.03 
02c1 2191.15 27.0 1.33 20.4 10.29 
03C1 2220.30 20.4 1.26 16.2 7.03 
04C1 2230.20 13.8 5.00 2.8 1.64 
05C1 2240.10 13.8 1.04 13.2 5.81 
06C1 2250.00 14.5 8.71 1.7 0.66 
07C1 2260.30 31.3 1.52 20.6 12.30 

08C1 2270.30 11.8 1.43 8.5 5.04 

1oc 1 2290.75 14.7 1.08 13.6 9.23 

12Cl 2310.50 10.0 1.04 9.6 5.67 
13C1 2318.80 14.3 0.82 17.4 7.30 

09c1 2280.00 11.1 1.05 10.6 5.39 

l l C l  2299.75 12.7 0.92 13. a 7.43 

TABLE 2-INTERNAL SURFACE AREA VALUES FOR SHALE SAMPLES 
FROM SANGAMON COUNTY, ILLINOIS (CORE 01IL) 

Depth t o  
tbp of I SA 

Organic C sample co2 N 2  
Sample number ( f t )  (m2/g> (m2/g> C 0 2 / N 2  (% 1 

01L2 
03L1 
04L1 
05L1 
07L1 

09L1 
09L2 
l0Ll  
l l L l  
12L1 

13L1 
14Ll 
15L1 
16L1 
1 7 L l  

18L1 
19L1 
20L1 
21L1 

1576.0 

1602.0 
1615.1 
1631.6 

1647.4 
1656.2 
1657.6 
1667.5 
1678.6 

1688.0 

1710.0 
1723.4 
1730.6 

1740.2 
1753.5 
1763.3 
1776.2 

1589.4 

1698.2 

27.3 
12.7 
11.8 
16.6 
10.1 

22.8 
23.3 
16.4 
30.2 
30.8 

31.2 
31.5 
34.4 
34.0 
25.9 

20.5 
25.1 
19.3 
22.6 

27.4 
12.1 
11.8 
17.8 

8.4 

23.5 
23.4 
12.6 
20.3 
25.7 

25.7 
19.0 
11.8 

8.3 
5.5 

6.0 
6.2 

11.5 
11.5 

“1.0 
-1.0 
1.0 
0.93 
1.2 

“1.0 
“1.0 

1.3 
1.5 
1.2 

1.2 
1.7 
2.9 
4.1 
4.7 

3.4 
4.1 
1.7 

“2.0 

0.43 
0.29 
0.80 
0.28 
0.15 

0.32 
0.55 
1.28 
2.90 
1.72 

2.90 
4.26 
7.54 
9.59 
6.50 

5.57 
6.28 
3.09 
3.79 
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TABLE 3-INTERNAL SURFACE AREA VALUES AFTER DIFFERENT OUTGASSING TEMPERATURES FOR SAMPLE O l C l  

Temp era t u r  e 
(OC) 

Weight 
l o s s  (XI 

110 39.3 1.50 26.2 -1.0 

2 30 44.3 1.57 28.2 -2.0 

340 35.8 6.46 5.5 -6.0 

NOTE: Duration of outgassing was 3 hours.  

TABLE 4-DENSITY AND POROSITY VALUES FOR SELECTED SHALE SAMPLES FROM SANGAMON COUNTY, ILLINOIS 

Sample 
ISA 

C02IN2 

H e l i u m  
dens i ty  
(glee) 

Mercury 
d e n s i t y  P o r o s i t y  

(glee) (XI 

01L2 -1.0 2.73 2.37 13.3 

15L1 2.9 2.56 2.29 10.5 

17L1 4.7 2.49 2.25 9.7 
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CHEMICAL AND ISOTOPIC COMPOSITION OF GAS FROM DEVONIAN BLACK 
SHALE CANNED CORE SAMPLES, MART1 N COUNTY, 

KENTUCKY AND WISE COUNTY, VIRGINIA1' 

George E. Claypool and Charles N. Threlkeld 
U. S. Geological Survey 

Denver, Colorado 

ABSTRACT 

Core samples of Devonian Black Shale from Martin County, Kentucky and Wise County, Virginia 
were canned at the well-site. 
amount and chemical composition of the gas, and the stable carbon isotope ratio of the methane in 
the gas was measured. 

After outgassing in the cans for periods of 3 to 4 months, the 

3 3 The Black Shale interval in Martin Co., KY yields from 0.03 to 0.6 ft (STP) of methane per ft 
of rock, with an average of 0.25 ft3/ft3. 
ft3/ft3 of methane, with an average of 1.2 ft3/ft3. 
about 35 percent of the heavier hydrocarbon homologs (ethane, propane, butanes, etc.) in the hydro- 
carbon phase, and has isotopically lighter methane (weighted average813C= -52 per mil vs. PDB). The 
gas from the Wise County core contains only about 10 percent heavy hydrocarbons and has methane with 
average 
by localities has the same isotopic compositidn of methane, but systematically lower contents of 
heavy hydrocarbons. 

At Wise Co., VA the same rock unit yields from 0.1 to 2.2 
The gas from the Martin County core contains 

813C of -43 per mil. Gas produced from wells completed in the Devonian Black Shale at near- 

These differences in the amounts and compositions of the gases are due to the marked difference 
in temperature history at the two localities. 
by present depth of burial and published conodont alteration and coal rank studies in the overlying 
rocks. 
analysis which indicates that the solid organic matter (kerogen) has evolved to an early post-mature 
stage at Wise County, while it is just mature at Martin County. The original nature of the organic 
matter at these localities is believed to have been the same. 

This difference in temperature history is suggested 

The difference in thermal maturity is confirmed by geochemical analyses such as thermal 

INTRODUCTION 

Core samples of dark gray, black, and brown shales of middle to upper Devonian age have been 
obtained for study by the U. S.  Geological Survey from the localities in Martin County, Kentucky 
and Wise County, Virginia, shown in Figure 1. 
distribution and occurrence of natural gas and other petroluem originating in the Devonian Black 
Shale sequence, in terms of the geological processes responsible for the original nature and 
chemical transformation of sedimentary organic matter in these rocks. 
study is to determine relationships between solid organic matter and gas and liquid hydrocarbons, 
in terms of the physical, chemical and isotopic composition of the various carbonaceous phases. 
The immobile, solid organic matter is more easily studied than the ephemeral gases and light liquids 
If the relevant qualitative and quantitative relationships between solid and gaseous organic matter 
can be determined in a limited number of cases representing a sufficient range of geological 

The objective of this study is to understand the 

The approach employed in this 

L/This report is preliminary and has not been 
edited or reviewed for conformity with U. S. 
Geological Survey standards and nomenclature. 
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circumstances, then the regional distribution of  the type and amount hydrocarbons can be more 
reliably interred an the basis of measurements of the solid organic matter alone. 
we report the results of analyses of gas and solid organic matter in originally similar rocks from 
two localities which have undergone different thermal histories. We believe that these localities 
represent intermediate and high degrees, relative to the thermal history of the entire Devonian 
Black Shale sequence in the Appalachian basin. 

In this paper 

Core samples were canned at the well-site, shortly after removal from the core barrel, core re- 
assembly and initial description. 
October 25 to November 4, 1976 and opened for analysis during the period February 7-14, 1977. 
Wise County samples were canned during April 22 to 30, 1977 and opened on June 29 and 30, 1977. 

The Martin County samples were sealed in cans during the period 
The 

Sampling was random at fixed intervals (50 ft) over the cored part of the sequence at Martin 
County. 
was most frequently about 30 feet, but ranged from 11 to 70 feet within the cored intervals. 

Darker shales were preferentially selected at Wise County, where the sample interval 

ANALYTICAL PROCEDURES 

The canned core samples were analyzed according to the general procedure outlined in Figure 2. 
The cans were punctured and the pressure measured by a pressure gauge and a mercury manometer. 
About 30 ml of gas was withdrawn from the cans and used to fill a 25.0 ml sample loop, by which the 
gas was valved into a gas chromatograph. The gas was separated on a 0.64 cm x 8.7 m column (packed 
with Chromosorb 102) into the components air, C02, and C1-C5 alkanes, and measured by a thermal 
conductivity detector. The methane (and occasionally ethane) peaks were collected in a gas-tight 
syringe as they exited from the detector, and injected into a high vacuum combustion system where 
the hydrocarbons were quantitatively converted to C02. The stable carbon isotope ratio (13C/12C) 
was measured and calculated as J13C, per mil relative to the PDB standard. 
fractionation during gas chromatographic separation was checked and eliminated by repeat analyses 
of 99+% pure tank methane, with and without preparative gas chromatography. 

After chemical and isotopic analysis of the free gas, the cans were weighed and average can 

The possibility of 

weights, volumes, and rock density (2.62 g ~m'~) were used to estimate volumes of gas given off by 
the rock under these conditions. 
Figure 2. 
analysis (TEA-FID) are discussed in this report. 

For organic carbon and thermal analysis, a clean piece of core weighing about 200 g was crushed 

The cans were opened and the core samples subdivided as shown in 
Of the other analyses shown in Figure 2, only the organic carbon and thermal evolution 

to about 1 cm in a jaw crusher, and a 10 g aliquot of this material was crushed to a nominal 100 
mesh grain size in a Bico pulverizer. The finer crushed rock was analyzed for organic carbon by a 
wet oxidation technique [Bush, 19701. TEA-FID was performed in the manner described by Claypool 
and Reed (1976), except that the response of the flame ionization detector (FID) was calibrated by 
analysis of known amounts of eicosame (n-C20) coated at 4.24 per cent on alumina. 

RESULTS 

The computed amounts of the common gaseous compounds present in the canned core samples are 
given in Table 1, in STP gas volume: 
are the qualitative measurements-- 8l3C of methane and the fractional proportion of methane relative 
to total hydrocarbons in the gas. 

rock volume ratios (i.e., ml/ml, ft3/ft3, etc.). Also given 

In general, about five times as much gas was recovered from the Wise County core samples, 

Within each core there is a fairly wide range of gas contents (0.1 to 2.2 
compared to those from Martin County. 
ft3/€t3, respectively. 
ft3/ft3 at Wise County, 0.03 to 0.6 ft3/ft3 at Martin County). 

The typical quantities of methane correspond to 1.3 and 0.26 

There is a distinct difference in the isotopic and chemical composition of gas in core samples 

In Martin County 413C ranges from -35 to -54 per mil and the 
from the two localities. 
the weighted average is -43 per mil. 
weighted average is -52 per mil. 
ethane and heavier hydrocarbon homologs, compared with the gas from Martin County. 
average methane contents relative to total hydrocarbons are 89% at Wise County and 65% at Martin 
County. 

In Wise County s13C values for methane range from -36 to -45 per mil and 

The gas from Wise County is distinctly drier, or lower in 
Weighted 
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Gas samples were also collected from flowing wells producing from the Devonian Black Shale 
sequence in the same region. The 
isotopic composition of methane in the gas produced from wells is nearly identical to that of 
representative canned core samples from nearby localities (location of wells sampled shown in 
Figure 1). 

Results of analyses of these samples are shown in Table 2. 

However, the gas from the wells has much lower contents of heavy hydrocarbons. 

In addition to analysis of gas given off by freshly sealed core samples, we have also made 
preliminary analysis of the bulk organic constituents of the rock. These results are given in 
Table 3 for core samples from the Martin County and Wise County wells. The following measurements 
are reported: (1) organic carbon, in weight percent (a measure of the total organic matter content 
of the rock); (2) pyrolytic hydrocarbon yield, in weight percent (the total integrated response of 
the flame ionization detector when the sample is heated in a flowing stream of helium at 40 "C/ min 
from room temperature to 700 "C); (3) volatile hydrocarbon content, weight ppm (the portion of the 
integrated detector response during the heating period from room temperature to 320OC); 
ratio of pyrolytic hydrocarbon yield to organic carbon, in percent (a measure of the convertability 
of the organic matter to hydrocarbons); (5) temperature of maximum pyrolysis yield, in OC (the 
heating temperature at which the maximum in the second peak occurs, representing the pyrolysis of 
solid organic matter). 

( 4 )  the 

The basic interpretation of this type of thermal analysis is illustrated in Figure 3, a 
typical TEA-FID thermogram. 
min (30 to 32OoC), and the temperature of maximum pyrolysis yield or the position of peak I1 with 
respect to heating temperature. 

The three basic parameters quantified are total area, area from 0 to 8 

The variability in terms of organic richness for the entire Devonian Black Shale sequence is 
illustrated in Table 3. From a resource standpoint we are primarily interested in the richer shale 
intervals, i.e. those which contain one percent or more organic carbon. If samples containing less 
than one percent organic carbon are eliminated from consideration, the average organic carbon 
content of the Devonian Black Shale sequence is the same (3.0 percent) at the two localities. 
effect, limiting consideration to samples with greater than one percent organic carbon compensates 
for the bias introduced when lighter-colored rocks were selected against in the sampling of the Wise 
County core. 

In 

The results of thermal analysis show that Martin County samples have higher absolute organic 
richness in terms of both pyrolytic hydrocarbons and volatile hydrocarbons. In contrast, the 
Wise County samples, although similar in terms of organic carbon richness, have lower contents of 
pyrolytic and volatile hydrocarbons. 

When pyrolytic hydrocarbon yield is normalized by organic carbon content, a numerical 
expression is obtained for the degree of convertability of organic matter to hydrocarbons upon 
pyrolysis. 
the organic matter, primarily hydrogen content. 
carbon ratio, is plotted against the temperature of maximum pyrolysis yield in Figure 4 .  

This relative hydrocarbon yield is a function of the elemental chemical composition of 
This expression, pyrolytic hydrocarbon/organic 

In terms of relative hydrocarbon yields more of the organic matter can be converted to 
hydrocarbons in the Martin County samples (average 41%) ,ban in the Wise County samples ( 4 % ) .  

DISCUSSION 

The uniform nature of organic-rich intervals of the Devonian Black Shale sequence in terms of 
clay mineralogy, presence of authigenic minerals such as pyrite and siderite, and other properties 
indicate that these rocks are the product of depositional conditions which were quite similar over 
a widespread area. Similarly, it is likely that the original nature of the organic matter was also 
highly uniform throughout the part of the Appalachian basin under consideration. 
the observed differences in terms of the amounts and composition of the gas, and the behavior of 
the solid organic matter upon pyrolysis are almost entirely due to differences in depth of burial, 
which presumably controlled the thermal history. Present depths of burial are given in Table 3. 
The deepest samples are 3379 feet at Martin County and 5471 feet at Wise County. Maps published 
by deWitt (1975) indicate that the overburden rocks are of upper Paleozoic (post-Devonian) age. 
Maximum depth of burial probably took place at the end of the Paleozoic. 

We believe that 

These depths suggest that the Wise County locality was buried deeper than the Martin County 
The locality, with an overburden of about 6500 ft. of sedimentary rock of upper Paleozoic age. 

Martin County core has about 3000 ft. of upper Paleozoic overburden. 
temperature history confirm the regional variation of thermal maturity suggested by overburden 

Other indicators of 
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CHEMICAL AND ISOTOPIC COMPOSITION OF GAS FROM DEVONIAN BLACK SHALE CANNED 
4 CORE SAMPLES, MARTIN COUNTY, KENTUCKY AND WISE COUNTY, VIRGINIAl/ - EGS-38 
thickness. A map of isocarbs (lines of equal fixed carbon content) for coals in the Appalachian 
basin [Postley, 19351 shows that the Martin County and the Wise County localities are on the 58% 
ad65% isocarbs, respectively. More recently, Epstein and others (1977) have published conodont 
alteration maps which show the same general pettern of variation as fixed carbon in coals. 
regional differences in thermal maturity are consistent with the geochemical variations observed 
between the two localities. 

These 

In Figure 4, a proposed pathway of thermochemical evolution of organic matter in Devonian 
This diagram can be used to evalute the general Black Shales is shown as a stippled pattern. 

composition and thermal maturity of the bulk organic matter in sedimentary rocks. With increasing 
depth of burial (temperature-time) a given type of organic matter would evolve along the pathways 
shown in Figure 4, in terms of the thermal analysis parameters. 

We assume that the original nature of the organic matter in the Devonian Black Shales was 
about the same at the two localities. However, because of differences in depth of burial and 
temperature history, the samples from Martin County still have hydrocarbon-generating potential 
remaining, while this potential at Wise County is largely spent. The difference in hydrocarbon 
yield upon pyrolysis could be due to differences in the original nature of the organic matter, 
however the higher temperatures of maximum pyrolysis yield observed for the Wise County samples 
reflect greater degrees of burial metamorphism, which is the most likely cause of the lower 
hydrocarbon yields. 
measurements, such as vitrinite reflectance and analysis of gasoline-range hydrocarbons. 
samples from Martin County and Wise County are thus end-members in the spectrum of thermal 
maturity, for the part of the Appalachian basin studied thus far. 

These interpretations have been confirmed by other physical and chemical 
The 

The chemical and isotopic composition of the gas obtained from core samples is also consistent 
with the observed differences in thermal maturity. 
natural gas and the maturity of organic matter in sedimentary rocks of Mesozoic and Cenozoic age 
has been outlined by Stahl (1974, 1975). In general, this relationship is that (1) dry gas 
containing isotopically light methane (- -6O%d) occurs at relatively shallow depths in thermally 
immature sediments, (2) wet gas with methane of intermediate 81% (-45Ym) occurs at intermediate 
depths in thermally mature sediments, ( 3 )  dry gas with heavy methane (- -35%) occurs at greater 
relative depths in thermally post-mature sediments. 
sequence is isotopically lighter (enriched in 12C) by about 5 to 10 per mil than natural gases in 
Cenozoic sediments with the same hydrocarbon composition. 
methane and chemical composition of the gas with the maturity of the organic matter proposed by 
Stahl (1975) is not strictly applicable in the Devonian Black Shale sequence of the Appalachian 
basin. 
(about -45x0) in this basin, compared with other basins where it has been placed between -38 %O 

and -28%. The "oil deadline" is a concept derived from the carbon-ratio theory (White, 1915) 
in which there is a degree of thermal maturity above which conditions are unfavorable for the 
occurrence of liquid hydrocarbons. 

The general relationship between composition of 

The gas produced from the Devonian Black Shale 

The correlation between S13C of 

Similarly, the "oil deadline" is apparently associated with isotopically lighter methane 

As previously noted, the quantities of gas given off by the canned samples from the Wise 
County locality are about five times greater, on the average, than those from Martin County. 
The average organic carbon content of the Devonian Black Shale sequence is about the same at the 
two localities when only samples containing one percent or more organic carbon are considered. 
higher yield of gas at the Wise County locality is probably due to a greater degree of conversion 
of organic matter to methane. 
Devonian Black Shale sequence should yield more gas in the areas which have undergone the 
greatest depth of burial and been exposed to the highest temperature. 
the Devonian Black Shale for retorting or hydroretorting should be focused on those areas where 
the rocks have not been deeply buried, and the organic matter retains the potential for generating 
hydrocarbons when heated. 

The 

If other factors controlling production of gas are equal, the 

Conversely, consideration of 

It is important to note that the gas produced from wells is isotopically identical and 
chemically similar to the gas given off by the canned shale samples from the same general locality. 
The increased content of heavy hydrocarbons in the canned rock samples compared to the gas 
produced from wells is probably an artifact of the different sampling procedures. 
indicates that gas produced from the shale originates in those rocks, and has not migrated from 
some area of more abundant gas generation, such as downdip in the foredeep of the Appalachian 
geosyncline. 
with wide lateral continuity. 

This similarity 

This same generalization may not apply to gas produced from sandstone reservoirs 
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CONCLUSIONS 

The amount and composition of gas given off by canned samples of the Devonian Black Shale 
sequence has been measured at two localities (Martin County, Kentucky and Wise County, Virginia) 
and related to the chemical nature of the bulk solid organic matter in the rock. 
these analyses, we conclude: 

On the basis of 

1. 

2. 

3 .  

4 .  

5. 

6. 

Because of relatively shallow depth of burial and lower temperatures, the organic matter in 
the Devonian Black Shale at Martin County has undergone only partial conversion to methane 
and other hydrocarbons. 

The Devonian Black Shale sequence was subjected to deeper burial and higher temperatures 
at Wise County, and consequently the organic matter gncluding heavy hydrocarbons) show 
more complete conversion to methane. 

Gas content per volume of rock is about five times higher at Wise county than it is at 
Martin County because of this more complete conversion of organic matter (including 
hydrocarbons) to methane. 

If other factors regarding the commercial occurrence and production of gas are about 
equal, that part of the Black Shale sequence which has undergone higher temperature 
history should be given preference in attempts to discover or stimulate natural gas 
production. 

That part of the Black Shale sequence which has not undergone deep burial is most favorable 
as a raw material for the retorting or hydro-retorting of hydrocarbons. 

Gas produced from the Devonian Black Shale sequence is indigenous (i.e., not migrated); 
however, gas produced from sandstone reservoirs above and below the Black Shale may be 
the product of extensive lateral migration. 
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CHEMICAL AND ISOTOPIC COMPOSITION OF GAS FROM DEVONIAN BLACK SHALE CANNED 
CORE SAMPLES, MARTIN COUNTY, KENTUCKY AND WISE COUNTY, V I R G I N I A 1 /  

Table 3.  Organic carbon and thermal a n a l y s i s  of co re  samples, Devonian Black 
Shale sequence. 

Depth 
f t .  

4887 
4906 
4934 
4968 
5241 
5 2 5 2  
5282 
5 3 1 2  
5341 
5 3 7 2  
5401 
547 1 

2479 
2529 
2579 
2629 
2679 

2829 
2879 

2739 
2779 

2979 
3029 
307 9 
3129 
3179 
3229 
3279 
3329 
3379 

Organic 
Carbon 

w t .  70 

6.17 
3.61 
3.35 
0 .21 
1.08 
1.03 
1.45 
1.85 
2.59 
3.77 
3.61 
4.92 

2.89 
0.43 
0.54 
0.22 
2.96 
1.14 
1.40 
0.23 
2.48 
3.75 
4.35 
4.19 
0.41 
0.19 
0.12 
1.48 
4.24 
3.82 

Pyrolyt  i c  V o l a t i l e  
Hydrocarbon Hydrocarbon 

Yield Content 
w t .  % P e m  

Wise Co., V i rg in i a  

0.45 
0.16 
0.15 
0.010 
0.013 
0.015 
0.035 
0.050 
0.057 
0.11 
0.14 
0.18 

1 , 000 
470 
470 

20 
40 
50 

110 
150 
150 
2 70 
230 
360 

Martin Co. , Kentucky 

1 . 2 2  
0.055 
0.11 
0.012 
1.20 
0.47 
0.65 
0.027 
1.19 
1 . 7 5  
1.88 
1 . 7 2  
0.052 
0.004 
0.005 
0.43 

1.54 
1.46 

1,130 
5 2  

140 
20 

1,430 
790 

1,070 
30 

2 , 040 
2,710 
3 ,  330 
2,660 

7 7  
6 
7 

570 
1,530 
2,710 

Pyrol .  HC 
Org. C. 

% 

7 . 3  
4.5 
4.5 
4.8 
1 .2  
1 . 5  
2 .4 
2 . 7  
2 . 2  
2.9 
3.9 
3.7 

42.3 
12.8 
19.6 
6.1 

40.5 
40.8 
46.3 
12.0 
48.1 
46.7 
43.1 
41.1 
12.9 

2 . 3  
4.5 

29.1 
34.5 
40.4 

Tpeak I1 

O C  

520 
500 
506 
560 
502 
500 
528 
534 
512 
496 
5 38 
520 

476 
47 9 
47 4 
480 
47 3 
47 4 
47 2 
476 
474 
472 
472 
472 
47 2 
488 
48 3 

47 0 
472 

466 

EGS-38 
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10 
CHEMICAL AND ISOTOPIC COMPOSITION OF GAS FROM DEVONIAN BLACK SHALE CANNED 

CORE SAMPLES, MARTIN COUNTY, KENTUCKY AND WISE COUNTY, VIRGINIAl/ 

canned 

sample 

measure 
pressure specimen 

rough 
crush 

-1 cm, 
split 

maceration 
heavy liquid 

kerogen n analysis 

ulverize 

range 

analysis 

extraction 

EGS-38 

Figure 2. Flow chart illustrating scheme of analytical operations performed by U. S. 
Geological Survey on samples of Devonian Black Shale. 
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THE RELATIONSHIP OF 

THERMODYNAMIC AND KINETIC PARAMETERS 

TO WELL PRODUCTION IN DEVONIAN SHALE 

Paul D .  S c h e t t l e r ,  J r .  
Da le L . Wamp ler 
P h i l i p  J .  S i p l i n g  
Donald J .  M i t c h e l l  

J u n i a t a  Col lege  
Huntingdon, Pennsylvania 16652 

ABSTRACT 

A mathemat ica l  model d e s c r i b i n g  product ion  of g a s  from wells i n  Devonian s h a l e s  i s  in t roduced ,  
and t h e  e x t e n t  of agreement w i t h  e x i s t i n g  p r o d u c t i v i t y  d a t a  i s  d i scussed .  Parameters needed f o r  this 
model i nc lude  t h e  d i f f u s i o n  cons t an t  of gas  through t h e  rock  and t h e  s o r p t i o n  i so therms of gas  wi th i ;  
t h e  rock .  Methods and r e s u l t s  of  measurements of t h e s e  impor tan t  parameters  made i n  our  l a b o r a t o r i e s  
a r e  desc r ibed  and d i s c u s s e d .  

INTRODUCTION 

Th i s  paper r e p o r t s  t h e  r e s u l t s  of  e f f o r t s  t o  model i n  t h e  l a b o r a t o r y  t h e  process  by which 
n a t u r a l  gas  i s  r e l e a s e d  from t i g h t  fo rma t ions  (such as Devonian s h a l e s ) .  The ins t rument  f o r  t h e s e  
s t u d i e s  i s  an  appa ra tus  i n  which a s h a l e  sample i s  i n i t i a l l y  e q u i l i b r a t e d  a t  some c o n s t a n t  gas 
p r e s s u r e ;  a f t e r  e q u i l i b r i u m  i s  r eached ,  t h e  p r e s s u r e  on t h e  s a m p l e  i s  suddenly changed and t h e  r a t e  
and amounts of gas  produced a r e  monitored. The concep tua l  s i m i l a r i t y  of t h i s  l a b o r a t o r y  process  t o  
t h e  degass ing  of a n  underground r e s e r v o i r  i s  r e f l e c t e d  i n  t h e  s i m i l a r i t y  of gas loss curves  produced 
i n  t h e  l a b o r a t o r y  w i t h  product ion  r a t e  cu rves  of a c t u a l  wel l s ,  except  f o r  d i f f e r e n c e s  i n  gas  evolved 
and t h e  t ime scale of e v o l u t i o n .  

It i s  g e n e r a l l y  accepted  t h a t  optimum product ion  occurs  i n  w e l l s  d r i l l e d  i n t o  h igh ly  f r a c t u r e d  
a r e a s .  These f r a c t u r e s  se rve  as c o n d u i t s  between t h e  gas-producing rocks  and t h e  w e l l  bo re .  I n i -  
t i a l l y ,  t h e  gas  i n  t h e  f r a c t u r e s  i s  i n  e q u i l i b r i u m  w i t h  gas  sorbed  i n  t h e  source  rock ;  however, upon 
i n t e r s e c t i o n  of  t h e  f r a c t u r e  system by a w e l l  b o r e ,  t h e  p re s su re  i n  t h e  f r a c t u r e s  drops  d i s c o n t i n u -  
o u s l y ,  and t h e  source  rock  evolves  gas u n t i l  e q u i l i b r i u m  i s  r e - e s t a b l i s h e d  a t  t h e  new p r e s s u r e .  The 
mathemat ica l  t r ea tmen t  of t h e  r a t e  of d i f f u s i o n  i n t o  t h e  w e l l  bore  a s  a f u n c t i o n  of t i m e  i s  t h u s  
s i m i l a r  t o  t h a t  of l a b o r a t o r y  samples undergoing a d i scon t inuous  p re s su re  d e c r e a s e ,  t h e  d i f f e r e n c e s  
l y i n g  p r i m a r i l y  i n  q u e s t i o n s  of geometry,  magnitude of rock  invo lved ,  and s i z e  of  i n i t i a l  p re s su re  
drop .  

This  paper d e a l s  w i t h  t h r e e  main t o p i c s .  F i r s t ,  t h e  i d e a s  d i scussed  above a r e  p re sen ted  i n  
q u a n t i t a t i v e  form. I t  i s  shown t h a t  t h e  d i f f u s i o n  cons t an t  of methane i n  s h a l e  and t h e  e x t e n t  and 
f requency  of f r a c t u r e s  c o l l e c t i v e l y  a r e  t h e  de te rmining  parameters  of w e l l  p roduc t ion .  Of t h e s e  
t h r e e  f a c t o r s ,  t h e  f i r s t  two a r e  p a r t i c u l a r l y  amenable t o  l a b o r a t o r y  measurement; t h e  second and 
t h i r d  s e c t i o n s  of t h i s  paper d e a l  w i t h  e f f o r t s  i n  t h i s  r e g a r d .  

THEORETICAL 

The purpose of t h i s  s e c t i o n  i s ,  f i r s t ,  t h e  mathematical  d e s c r i p t i o n  of t he  underground p rocesses  
t h a t  l ead  t o  gas  product ion  from t i g h t  format ions  and ,  second, t h e  comparison of  t h a t  d e s c r i p t i o n  t o  
t h e  mathematical  d e s c r i p t i o n  of  t h e  degass ing  of rock  i n  l a b o r a t o r y  c o n f i g u r a t i o n s .  
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2 THE RELATIONSHIP OF THEWDYNAMIC AND KINETIC PARAMETERS TO WELL PRODUCTION I N  DEVONIAN SHALE EGS-39 
Production from wells  i n  r e l a t i v e l y  impermeable formations depends upon d r i l l i n g ,  i n t o  highly 

The amount of gas  
f r a c t u r e d  areas and/or  c r e a t i n g  them a r t i f i c i a l l y  a f t e r  t he  w e l l  has been d r i l l e d .  
serve p r imar i ly  as condui ts  from the  gas-bear ing source rock t o  the  w e l l  bore .  
d i f f u s i n g  out  of a sha le  i n t o  a f r a c t u r e  (held a t  a low p res su re )  i s  given by [1,2] 

These f r a c t u r e s  

1 )  % = 2(C2 - Co)A(e) f 

where 

A i s  t h e  area of rock degassing.  

C2 i s  the i n i t i a l  concen t r a t ion  of gas i n  t h e  rock.  

CO i s  the concen t r a t ion  of gas i n  t h e  rock as t - m. 
D is t h e  d i f f u s i o n  c o n s t a n t .  

t i s  t h e  t i m e .  

Over a t e n  year  period 
C2 - CO = 3 cm3 gas/cm3 rock) ,  40 cm3 gas (STP) would be produced f o r  each square cent imeter  Of 
f i s s u r e  w a l l  area. 
between t h e  wal ls  of t he  average f r a c t u r e ,  thus lending support  t o  the  concept t h a t  t h e  rock i s  t h e  
source of t he  gas and t h a t  f r a c t u r e s  serve as condu i t s .  It i s  i n t e r e s t i n g  t o  note  t h a t  t h e  produc- 
t i o n  curve predicted by equat ion 2 )  i s  high production over a r e l a t i v e l y  s h o r t  per iod followed by a 
long t a i l .  
two yea r s ,  i n  agreement wi th  some q u a l i t a t i v e  r e p o r t s  of w e l l  production from some producing wells 
by Roth [3] and Torrey [4]. 
dence on time implies  t h a t  a f t e r  t h e  i n i t i a l  l a r g e  production reduced production w i l l  occur unabated 
f o r  many y e a r s ,  again i n  agreement wi th  many r e p o r t s  of t he  longevi ty  of gas s h a l e  wel ls .  

f o r  reasonable  values  of parameters f o r  Devonian sha le  (D - 5 x cm*/sec, 

This  amount of gas i s  c l e a r l y  much l a r g e r  than t h e  amount of gas  contained 

I n  f a c t ,  32% of the  t o t a l  gas produced over a 20-year period i s  produced i n  t h e  f i r s t  

Whereas i n i t i a l  wel l  production i s  l a r g e ,  t h e  inve r se  square roo t  depen- 

The upper curve of Figure I shows some a c t u a l  production d a t a  points  [S] and an inve r se  square 
r o o t  f i t  ve r sus  time as t h e  s o l i d  l i n e .  
a l l  wells d i s p l a y  such a s i m p l e  r e l a t i o n s h i p .  
i n i t i a l  high production ra te  may, t o  a v a r i e t y  of deg rees ,  be missing.  

Although t h e  f i t  f o r  t h a t  w e l l  i s  good, i t  i s  clear t h a t  not  
I n  p a r t i c u l a r ,  as the  lower th ree  curves show, t h e  

F la t t ened  production curves r e s u l t  from a mathematical viewpoint i f  i t  i s  assumed t h a t  an  
a d d i t i o n a l  c o n s t r i c t i o n  e x i s t s  a t  t h e  su r face  of a f r a c t u r e  o r  a long the f r a c t u r e  t o  t h e  w e l l  bore 
t h a t  impedes t h e  d i f f u s i v e  process of gas from t h e  bulk rock.  
expected t o  occur a t  s l i c k e n s i d e s  wherein an impermeable-looking, g l a z e - l i k e  f i n i s h  i s  formed on 
t h e  rock. A l t e r n a t i v e l y ,  mine ra l i za t ion  may occur wi th in  t h e  f r a c t u r e ,  plugging t h e  microporous 
su r face  s t r u c t u r e  of the s h a l e .  Cons t r i c t ive  e f f e c t s  a long t h e  f r a c t u r e  would be expected when a 
narrow f r a c t u r e  i s  "overloaded" by a l a rge  gas flow. 
t o  be common occurrences i n  a c t u a l  s i t u a t i o n s ,  should r e s u l t  i n  f l a t t e n e d  (and decreased!) w e l l  
p roduc t iv i ty  curves .  

Such su r face  modif icat ion would be 

A l l  of t hese  e f f e c t s ,  which might be expected 

The lower curves i n  Figure I are f i t s  t ak ing  i n  account c o n s t r i c t i v e  e f f e c t s  of varying degrees  
of importance. The equat ion of f i t  i s  

d? D(C2 - Co) 2 2) - =  exp (z ) e r f c  ( 2 )  
d t  g 

Equation 2) has been discussed i n  d e t a i l  elsewhere [ 6 ]  

B r i e f l y ,  g i s  a c o n s t r i c t i v e  parameter corresponding t o  some 
f r a c t u r e  s u r f a c e .  The more impermeable the  c o a t i n g ,  t he  l a r g e r  g 
c o n s t r i c t i v e  e f f e c t s  g approaches z e r o  and equat ion 2)  approaches 
e f f e c t  exp 1 i c  it l y  . 

kind of impermeable coa t ing  on t h e  
i s ;  conversely,  f o r  decreasing 
equat ion 1 ) .  Figure I1 shows t h i s  
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EGS-39 SCHETTLER, WAMPLXR, SIPLING, & MITCHELL 3 
The middle curve i s  simply t h e  lower curve of F igure  I w i t h  g = 6.318. The upper and lower 

curves  a r e  wi th  i d e n t i c a l  parameters (same f r a c t u r e  area, same bulk  rock  d i f f u s i o n  cons t an t  and gas 
concen t r a t ion )  except  t h a t  g = 0 and 30 cm f o r  t h e  upper and lower curves  r e s p e c t i v e l y .  It i s  clear 
from Figure  I1 t h a t  t h e  e f f e c t  of c o n s t r i c t i o n s  i s  t o  decrease  markedly t o t a l  production and f l a t t e n  
i t  i n  r e spec t  t o  t ime.  

I n  c o n t r a s t  t o  t he  f l a t t e n i n g  observed n w e l l s ,  most l abora to ry  samples w i l l  g ive  somewhat 
s t e e p e r  curves  than  p red ic t ed  by a simple t- k law; s p e c i f i c a l l y  exper imenta l  po in t s  w i l l  fo l low 
equat ion  1) c l o s e l y  a t  low t but . f a l l  below the  t h e o r e t i c a l  curve a t  l a r g e  t imes.  This f e a t u r e  may 
n o t  be l imi t ed  t o  l abora to ry  samples;  i n  f a c t  t h e  po in t s  of t h e  most productive curve of F igure  I 
form a s l i g h t l y  s t e e p e r  curve than  the  f i t  shown. The exp lana t ion  f o r  t h i s  phenomenon l ies  i n  t h e  
geometry of t he  f r a c t u r e s  i n  t h e  case  of a w e l l  and t h e  p a r t i c l e  shapes i n  t h e  case  of l abora to ry  
samples; i n  f a c t  t h e  a p p l i c a b i l i t y  of equat ions  1) and 2) i s  l imi t ed  t o  t h e  case where t h e  d e p l e t i o n  
zones [ 6 ]  a s s o c i a t e d  w i t h  each f r a c t u r e  do no t  i n t e r f e r e .  A s  a su r face  degases ,  t h e  rock behind t h e  
su r face  becomes dep le t ed  t o  an  eve r - inc reas ing  e x t e n t ,  t h i s  zone of dep le t ion  i n i t i a l l y  ex tending  
only  a s h o r t  way i n t o  the  rock but t h e  ex tens ion  inc reas ing  wi th  t i m e .  S p e c i f i c a l l y  

where d i s  t h e  d e p l e t i o n  zone mentioned above. When d i s  much smaller than  t h e  dimensions a s s o c i a t e d  
w i t h  rock  fragments o r  d i s t a n c e s  between f r a c t u r e s ,  equa t ions  1) and 2 )  can be expected t o  be obeyed. 
However, as time i n c r e a s e s ,  d i n c r e a s e s  u n t i l  i t  even tua l ly  becomes of t h e  o rde r  of t h e  f r a c t u r e  o r  
p a r t i c l e  dimensions.  A t  t h i s  po in t  t h e  d e p l e t i o n  zone from one f r a c t u r e  s tar ts  t o  move i n t o  areas 
a l r eady  dep le t ed  by another  f r a c t u r e ,  and gas production t a p e r s  o f f  below t h a t  p red ic t ed  by t h e  t -f  
law. 

Exact func t ions  e x i s t  and have been u t i l i z e d  f o r  s e v e r a l  l abo ra to ry  degass ing  s i t u a t i o n s ,  as i s  
d i scussed  elsewhere [6,7,8].  
important i n  wel ls ,  they  may neve r the l e s s  sometimes be d e t e c t a b l e .  A s  d i scussed  elsewhere [6] t h e  
anomalous s t eepness  of t h e  top  curve of Figure I corresponds t o  a mean d i s t a n c e  between f r a c t u r e s  of 
65 c m .  Anomalous s t eepness  and l a rge  p roduc t iv i ty  may thus  be l inked  toge the r  as both  are ind ica -  
t i o n s  of production from highly  f r a c t u r e d  zones .  

DIFFUSION CONSTANTS 

Although i t  would appear from Figure  I t h a t  geometric e f f e c t s  a r e  no t  

D i f fus ion  cons t an t s  and permeabi l i ty  cons t an t s  are c l o s e l y  r e l a t e d  

D = PfK 

where D i s  t h e  d i f f u s i o n  c o n s t a n t ,  P i s  t h e  permeabi l i ty  c o n s t a n t ,  and K i s  t h e  s o l u b i l i t y  of gas i n  
the  rock ,  

C = KP 

where C i s  the  equ i l ib r ium concen t r a t ion  of gas i n  t h e  rock ,  and P i s  t h e  app l i ed  p res su re .  Di f fu-  
s i o n  (andlor  permeabi l i ty  c o n s t a n t s )  can be measured by de termining  t h e  rate t h a t  gas passes  through 
a c u t  s l a b  of sample o r  a l t e r n a t i v e l y  i t  can be deduced from t h e  r a t e  a sample of  rock degases .  The 
l a t t e r  method has t h e  advantages t h a t  i t  i s  qu icke r ,  o f t e n  t a k i n g  only a few minutes t o  ge t  a mea- 
surement, and i s  more c l o s e l y  r e l a t e d  t o  t h e  a c t u a l  underground degass ing  process .  

I n  our procedure,  we f i r s t  e q u i l i b r a t e  t h e  sample  a t  a cons t an t  p re s su re .  For sieved samples,  
t h i s  t y p i c a l l y  t akes  l e s s  than a n  hour and i s  done on the  measuring appa ra tus .  For s l a b s  e q u i l i -  
b ra t ed  t o  1 atm methane, t h e  e q u i l i b r a t i o n  t akes  s e v e r a l  days and i s  done before  p l ac ing  t h e  sample 
on t h e  measuring appa ra tus .  A s  shown i n  F igure  111, t h e  c e l l  i s  sepa ra t ed  from a c a r e f u l l y  c a l i -  
b ra t ed  volume [S] by a va lve .  
and t h e  volume a s s o c i a t e d  w i t h  t h e  b u r e t ,  e t c .  , changed t o  a new p res su re  ( t y p i c a l l y  evacuated) .  An 
au tomat ic  da t a - t ak ing  r o u t i n e  a s s o c i a t e d  w i t h  a NOVA 1220 l abora to ry  computer i s  s t a r t e d  which t a k e s  
pressure  readings  from t h e  Datametrics Baroce l .  Then t h e  va lve  between t h e  c e l l  and the  c a l i b r a t e d  
volume i s  opened. The pressure  changes r e s u l t i n g  a r e  monitored a t  a d a t a  c o l l e c t i o n  r a t e  of 25,000 
readingsfsecond f o r  a period of s e v e r a l  minutes f o r  p a r t i c l e s  and about one-half  hour f o r  s l a b s .  
p re s su re  changes which occur a f t e r  t h e  i n i t i a l  p re s su re  drop  a r e  due t o  t h e  degass ing  of t h e  sample. 
The amount of gas g iven  o f f  fo l lows  ( i n i t i a l l y )  a t’i l a w  whose s lope  i s  i n t e r p r e t a b l e  i n  terms of 
t h e  d i f f u s i o n  cons t an t  as d i scussed  e a r l i e r  f o r  wel ls .  The d e t a i l e d  procedures f o r  s l a b s  and 
p a r t i c l e s  are somewhat d i f f e r e n t ,  and t h e  d e t a i l s  a r e  d i scussed  elsewhere [7,8].  

A f t e r  measuring t h e  i n i t i a l  equ i l ib r ium p r e s s u r e ,  t h e  valve i s  c l o s e d ,  

The 
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Table  I shows r e s u l t s  ob ta ined  a t  a v a r i e t y  of dep ths  from Well $120403 d r i l l e d  by Columbia Gas 
Corpora t ion  i n  con junc t ion  wi th  t h e  E a s t e r n  Gas Sha le s  P r o j e c t .  The average  methane d i f f u s i o n  con- 
s t a n t  i s  6 .56  x l o m 7  cm2/sec w i t h  a s t anda rd  d e v i a t i o n  of f4.18 x 
s e n t s  t h e  approximate range of d i f f u s i o n  c o n s t a n t s  w i t h i n  t h e  Devonian s h a l e  sequence ( a t  t h e  Lincoln  
County w e l l ,  e t c . ) .  There i s  a dependence of t he  d i f f u s i o n  c o n s t a n t  upon t h e  tempera ture  and /o r  t ype  
of gas  used .  
methane c o n s t a n t s  a l though  i n d i v i d u a l  comparisons can  d e v i a t e  from t h i s  f i g u r e .  There i s  a depen- 
dence of d i f f u s i o n  c o n s t a n t  upon p a r t i c l e  s i z e .  
c o n s t a n t s  a t  770K f o r  500-700 !J averaged 4.5 t imes  t h e  va lue  f o r  175-350 p mesh s i z e .  
r u l e ,  work on s l a b s  suppor t s  t h i s  c o n t e n t i o n .  A sample a t  3886' 2-4" gave a d i f f u s i o n  c o n s t a n t  of 
2 .5  x 
lo-' cm2/sec f o r  a s l a b  of s h a l e  a t  3886' of dimensions 27.88 cm2 by .72  cm t h i c k .  
can  be accounted f o r  by two p o s s i b l e  mechanisms. 
s h a l e  f r a c t u r e  more e a s i l y  i n t o  m a t e r i a l  of sma l l e r  mesh s i z e .  The second p o s s i b i l i t y  i s  t h a t  t h e  
g r i n d i n g  process  dec reases  t h e  number of  m i c r o f r a c t u r e s  o r  o t h e r  zones  of weakness a s s o c i a t e d  w i t h  
h igh  d i f f u s i v i t y  by c l e a v i n g  a l o n g ,  hence e l i m i n a t i n g  them. Our d a t a  suppor t s  t h e  second hypo thes i s ;  
t h e  f i r s t  hypo thes i s  would sugges t  t h a t  s l a b  d i f f u s i o n  would be i n t e r m e d i a t e  between l a r g e  and small 
p a r t i c l e s ,  an  e f f e c t  which has  n o t  been observed t o  d a t e .  F u r t h e r ,  t h e r e  i s  no obvious d i f f e r e n c e  
between t h e  l a r g e  p a r t i c l e s  and t h e  small ones a s  observed under an  o p t i c a l  microscope. 

cm2/sec.  Th i s  range r e p r e -  

For example, our  77'K N2 d i f f u s i o n  c o n s t a n t s  average  2 . 3  t imes  t h e  i c e  tempera ture  

For d a t a  r e p o r t e d  e l sewhere  [ 8 ] ,  N2 d i f f u s i o n  
A s  a g e n e r a l  

cm2/sec f o r  175-350 p mesh s i z e ,  15.4 x 10-7 cm2/sec f o r  500-700 p mesh s i z e ,  and 116 .1  x 
This  s i z e  e f f e c t  

I t  may be t h a t  h igh ly  impermeable components of 

The e f f e c t  of manner of sample p r e p a r a t i o n  may have some e f f e c t  upon r e s u l t s .  Table I1 shows 
an i n c r e a s e  of d i f f u s i o n  i n  samples prepared  by pe rcuss ion  mor t a r .  O p t i c a l  examinat ion  s u g g e s t s  
t h a t  t h e  samples prepared  by b a l l  m i l l  a r e  abraded more than  samples prepared  by pe rcuss ion  mor t a r .  
I f  t h i s  i s  t h e  c a s e ,  d i f f u s i o n  of samples prepared  by pe rcuss ion  mor ta r  ought t o  be more r e p r e s e n t a -  
t i v e  of  "bulk s h a l e "  than  those  prepared  by b a l l  m i l l .  Table 111 shows a very  i n t e r e s t i n g  e f f e c t  
observed wi th  s l a b s .  The f i r s t  and t h i r d  samples show a methane d i f f u s i o n  f o r  s l a b s  t h a t  i s  some 
4 . 5  t imes  l a r g e r  than  f o r  p a r t i c l e s  from the  same s h a l e .  However, t he  second sample of Table  I1 
shows a s l a b  d i f f u s i o n  t h a t  i s  on ly  15% of t h e  p a r t i c l e  d i f f u s i o n .  Th i s  s u r p r i s i n g  r e s u l t  may be 
unders tood  i n  te rms  of s u r f a c e  p r e p a r a t i o n .  Before making t h e  measurements, t h e  s l a b  s u r f a c e s  a r e  
ground down by p e e l i n g  t h e  s u r f a c e  down w i t h  a c h i s e l .  Whereas u s u a l l y  t h i s  r e s u l t s  i n  a d u l l -  
looking  s u r f a c e ,  f o r  t h e  anomalous r e s u l t  i n  q u e s t i o n  a s h i n y ,  impermeable-looking, s l i c k e n s i d e - l i k e  
s u r f a c e  r e s u l t e d .  We b e l i e v e  t h a t  t h e  e f f e c t  of rubbing  wi th  a c h i s e l  on t h i s  sample was t o  produce 
a t h i n  impermeable l a y e r  t h a t  lowered t h e  r a t e  of ou tgass ing  by about a f a c t o r  of 40 over  t h a t  
produced from s i l r f aces  s p l i t  by a pe rcuss ion  mor t a r .  Work on t h i s  t a n t a l i z i n g  but  s p e c u l a t i v e  a r e a  
i s  c o n t i n u i n g .  

ISOTHERMS 

The va lue  of t h e  de t e rmina t ion  of i so therms i s  a t  l e a s t  twofold .  F i r s t ,  it a l lows  t h e  e s t i -  
mation of c o n c e n t r a t i o n  of  gas  i n  t h e  rock sur rounding  a w e l l  g iven  on ly  t h e  i n i t i a l  wel lhead  
p r e s s u r e .  I n  t h i s  s ense  an  i so therm p lays  t h e  same r o l e  a s  p o r o s i t y  i n  s t anda rd  o i l  t echnology.  
However, t h e  concept of an  i so therm i s  more g e n e r a l  because i t  i s  a measure of a l l  gas  i n  t h e  rock ,  
t h a t  i n  open p o r e s ,  t h a t  adsorbed  on t h e  s u r f a c e  of minute c l a y  p a r t i c l e s ,  and t h a t  d i s s o l v e d  i n  
some kerogen o r  o t h e r  m a t e r i a l  e n t r a i n e d  i n  t h e  r o c k .  Some p r a c t i c a l  i m p l i c a t i o n s  o f  t h i s  have 
been d i s c u s s e d  e l sewhere  [ l o ] .  The second va lue  of a n  i so the rm i s  t h a t  i t  pe rmi t s ,  a t  l e a s t  t o  
some degree ,  t h e  de t e rmina t ion  of which of t h e s e  mechanisms of en t ra inment  a r e  ope ra t ive - -open  
p o r o s i t y ,  a d s o r p t i o n ,  o r  s o l u t i o n .  More d i s c u s s i o n  on t h i s  p o i n t  has  been made e l sewhere  1113. 

F igure  I V  shows some t y p i c a l  i so therms,  showing t h e  degree  of  en t ra inment  of e t h a n e ,  methane, 
a rgon  and helium, a l l  on t h e  same sample.  I t  should be noted t h a t  t h e s e  i so therms a r e  a l l  s t r a i g h t  
l i n e s  w i t h i n  t h i s  r eg ion  and hence can  be a s s o c i a t e d  wi th  a t t p o r o s i t y . t t  However, t h e  p o r o s i t y  
c a l c u l a t e d  from each  gas  i s  d i f f e r e n t ,  cor responding  t o  &(To, 13%, 7 % ,  and 3%,  f o r  C2H6, CH4, An, 
and He r e s p e c t i v e l y .  A s  t h i s  makes no p h y s i c a l  s ense  f o r  open p o r e s ,  one can  only  conclude t h a t  
what i s  measured i s  a n  " e f f e c t i v e  po ros i ty"  which inc ludes  s r i b s t a n t i a l  amounts of a d s o r p t i o n  and /o r  
s o l u t i o n .  A c o r o l l a r y  t o  t h i s  i s  t h a t  t h e  most a p p r o p r i a t e  measure of  p o r o s i t y  t o  be a s s o c i a t e d  
wi th  n a t u r a l  gas product ion  i s  "methane po ros i ty"  ob ta ined  by d i r e c t  measurement of amount of  methane 
sorbed  as a f u n c t i o n  of  p r e s s u r e .  

I n  a d d i t i o n  t o  t h e  d a t a  r e p o r t e d  i n  Reference 1 4 ,  we have measured room tempera ture  i so therms 
f o r  t h e  17 samples i n  Table  I .  I f  i t  i s  assumed t h a t  helium s o r p t i o n  i s  due only  t o  p e n e t r a t i o n  of 
t h e  open po res ,  t h e  s t r a i g h t  l i n e  He p l o t s  can  be r e i n t e r p r e t e d  i n  te rms  of a he l ium d e n s i t y  (wt .  of 
sample/volume of unpene t r a t ed  samples ) .  Xelium d e n s i t i e s  average -.Ol+ g/ml h i g h e r  t h a n  bulk  dens i -  
t i es  co r re spond ing  t o  an  average  p o r o s i t y  of 1%. The v o l .  gas /  v o l .  r o c k / t o r r  f o r  methane g iven  i n  
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Table I i s  t h a t  i n  excess  of  t h a t  a s s o c i a t e d  w i t h  t h e  pore volume (as  determined by t h e  H e  isotherms). 
It i s  u s e f u l  t o  n o t e  t h a t  t h e  methane isotherms s lopes  are grouped around 3.27 x 
v o l .  r o c k / t o r r  (An) even though an  e f f o r t  was made t o  inc lude  a v a r i e t y  of l i t h o l o g i e s  i n  t h e  17 
samples inc luded  i n  Table I .  

v o l .  methane/ 

I n  a d d i t i o n  to  room temperature i so therms,  w e  have a l s o  determined isotherms of N2 determined 
a t  l i q u i d  n i t r o g e n  tempera tures .  The va lue  of t h i s  measurement i s  s e v e r a l - f o l d .  F i r s t ,  i f  one 
assumes t h a t  t h e  kerogen f r e e z e s  t o  an impermeable s o l i d  a t  l i q u i d  n i t r o g e n  tempera tures ,  then  any 
s o r p t i o n  t h a t  t a k e s  p l ace  must be adso rp t ion  on the  va r ious  su r face  a r e a s  a s s o c i a t e d  wi th  t h e  small 
p a r t i c l e s  of c l a y  mine ra l s .  
f i n d  good f i t s  t o  t h e  BET i so therm which lends suppor t  t o  t he  adso rp t ion  model ( a t  l e a s t  a t  low 
tempera tures)  and r e s u l t s  i n  a de te rmina t ion  of t h e  su r face  a r e a  a v a i l a b l e  f o r  adso rp t ion .  For 
sha le  samples t h a t  we have measured, t h i s  v a r i e s  from a few t e n t h s  t o  s e v e r a l  meters squared per 
gram [14]. 
92 m2/g [15]>, bu t  n e v e r t h e l e s s  s u f f i c i e n t  t o  show t h a t  s u f f i c i e n t  a d s o r p t i v e  c a p a c i t y  e x i s t s  w i t h i n  
Devonian s h a l e s  t o  account f o r  t h e  amounts of methane observed. 

Under these  cond i t ions  a s tandard  BET a n a l y s i s  i s  poss ib l e  [13]. We 

This  i s  a small f r a c t i o n  o f  t he  su r face  area a s s o c i a t e d  wi th  c l a y  minera ls  ( i l l i t e  i s  

I n  Table I ,  w e  have shown the  n i t r o g e n  BET su r face  a r e a s  i n  terms of t h e  volume of gas t h a t  
would be r equ i r ed  t o  cover the  a v a i l a b l e  su r face  a r e a  w i t h  a monolayer. This  should r ep resen t  t h e  
maximum amount of methane t h a t  can be adsorbed onto  su r face  a r e a s  w i t h i n  t h e  rock ,  a s  s i g n i f i c a n t  
m u l t i l a y e r  adso rp t ion  of  methane would not  be expected a t  tempera tures  present  i n  t h e  o rd ina ry  w e l l .  

A major po in t  of i n t e r e s t  concerns the  degree of c o r r e l a t i o n  between t h e  isotherm parameters of 
Table I and the  amount of gas found i n  t h e  rock .  We rece ived  the  1 7  samples r epor t ed  i n  Table I i n  
sea l ed  cans  a long  w i t h  about 213 o t h e r  samples taken a t  10- foot  i n t e r v a l s  down t h e  w e l l .  A f t e r  a 
wa i t  o f  142-156 days ,  t h e  atmosphere i n  the  cans was analyzed f o r  02 ,  N2, CH4, C2H6, C3H8, C02, H p ,  
and H2S by gas  thromatography [17,18]. 
Table I V .  Seve ra l  f e a t u r e s  are worthy of n o t e .  F i r s t ,  t h e r e  i s  no c l o s e  c o r r e l a t i o n  between t h e  
parameters of Table I and gas c o n t e n t .  I n  p a r t i c u l a r ,  gas con ten t  ranges over s e v e r a l  o rde r s  of 
magnitude from sample t o  sample wherein the  parameters of Table I a r e  r e l a t i v e l y  c o n s t a n t .  This  may 
be expected because t h e  isotherms of Table I e s s e n t i a l l y  measure the  c a p a c i t y  f o r  gas conten t  as a 
func t ion  of p re s su re .  S ince  these  remain r e l a t i v e l y  cons t an t  from s t ra ta  t o  s t r a t a  and gas con ten t  
v a r i e s ,  i t  i s  concluded t h a t  t h e  o r i g i n a l  gas pressure  i n  t h e  rock m u s t  vary  cons ide rab ly  i n  va r ious  
parts of t h e  w e l l .  A consequence t h a t  fo l lows  from t h i s  i s  t h a t  even over geologic  time t h e  thermo- 
dynamic equ i l ib r ium of methane does no t  seem t o  be reached even i n  s t r a t a  a s  c l o s e  toge the r  as about 
50 f e e t .  

The r e s u l t s  f o r  t h e  1 7  samples of Table I i s  summarized i n  

Seve ra l  o t h e r  f e a t u r e s  of Table  I V  inc lude  the  obse rva t ion  t h a t  o f t e n  t h e  deso rp t ion  of hydro- 
carbons i s  c l o s e l y  c o r r e l a t e d  wi th  approximately equimolar a d s o r p t i o n  of n i t r o g e n  and oxygen o r i g i -  
n a l l y  present  i n  t h e  can a t  s e a l i n g  t i m e  s o  t h a t  t he  t o t a l  p re s su re  remains c o n s t a n t .  Oxygen n i t r o -  
gen r a t i o s  vary  from can t o  can and a r e  g e n e r a l l y  too  h igh  t o  account f o r  t he  loss of a i r  by can 
leakage;  t h i s  sugges ts  some kind of  molecule-for-molecule displacement mechanism. Methane, e thane ,  
and propane u s u a l l y  appear i n  dec reas ing  amounts i n  concordance w i t h  t h e  obse rva t ions  of o t h e r  
i n v e s t i g a t o r s  [19,20]. F i n a l l y ,  gas production seems r e l a t i v e l y  w e l l  c o r r e l a t e d  w i t h  t h e  appearance 
of b lack  s h a l e  as noted by t h e  w e l l  s i t e  core  d e s c r i p t i o n ,  a l though t h i s  i s  c e r t a i n l y  no t  a hard and 
f a s t  r u l e .  

CONCLUSIONS 

A major conclus ion  would seem t o  be t h a t  the  i so therm and d i f f u s i o n  parameters a r e  not  s e n s i t i v e  
func t ions  of depth  o r  l i t h o l o g i c  type of Devonian sha le  a t  l e a s t  i n  t he  v i c i n i t y  of t h e  1k20403 w e l l .  
I f  t h i s  ho lds  f o r  o t h e r  l o c a t i o n s  as w e l l ,  t h i s  means t h a t  averaged parameters can s a f e l y  be used i n  
w e l l  modeling s t u d i e s  of t h e  type  d i scussed  i n  the  i n t r o d u c t i o n  - -  a g r e a t  s i m p l i f i c a t i o n .  

Apparently even r e l a t i v e l y  c l o s e  l aye r s  of rock w i t h i n  t h e  Devonian s h a l e  sequence a r e  no t  i n  
equ i l ib r ium w i t h  each o t h e r  i n  r e s p e c t  t o  t h e  chemical p o t e n t i a l  of hydrocarbon gases .  
needs t o  be done i n  t h i s  a r e a ;  i n  p a r t i c u l a r  w e  a r e  i n t e r e s t e d  i n  measuring the  d i f f u s i o n  c o n s t a n t s  
of s l a b s  c u t  p a r a l l e l  t o  t h e  bedding p l anes .  
w e l l  bore becomes a mechanism by which equ i l ib r ium can be ob ta ined .  
can be t rapped  by an  adsorb ing  r eg ion ;  thus  i t  i s  l o s t  t o  product ion .  The poss ib l e  magnitude of t h i s  
e f f e c t  i s  under s tudy  i n  our l a b o r a t o r i e s .  

More work 

A p r a c t i c a l  consequence of non-equi l ibr ium i s  t h a t  t h e  
Gas from an ou tgass ing  reg ion  

F i n a l l y  i t  seems p o s s i b l e  t o  reach  some s p e c u l a t i v e  conclus ions  p inpo in t ing  t h e  s l i c k e n s i d e  
n a t u r e  of many n a t u r a l  f r a c t u r e s  a s  a source of slow w e l l  product ion .  F i t s  t o  a t  least  some a v a i l a b l e  
production d a t a  po in t  t o  t h e  presence of s l i c k e n s i d e s  o r  some similar l o c a l i z e d  c o n s t r i c t i o n  i n  t h e  
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passage of gas from the source rock t o  the  w e l l  bore.  This  c o r r e l a t e s  with comments of var ious 
personnel involved with ca t a log ing  n a t u r a l  f r a c t u r e s  [21] t h a t  most n a t u r a l  f r a c t u r e s  a r e  s l i c k e n -  
s ided  o r  mineral ized.  A t  t h e  moment, pinpoint ing s l i c k e n s i d e  formation a s  a major c u l p r i t  i n  the 
observed c o n s t r i c t i v e  e f f e c t s  i s  supported by a s i n g l e  laboratory measurement. This i s  not t o  imply 
t h a t  s l i ckens ided  f r a c t u r e s  a r e  de t r imen ta l  t o  production ( t o t a l  production i s  the sum of the  
production from each f r a c t u r e ) ,  but r a t h e r  t h a t  t he  removal of c o n s t r i c t i o n  from e x i s t i n g  f r a c t u r e s  
w i l l  i t s e l f  r a i s e  production s i g n i f i c a n t l y .  Work on the  r o l e  of s l i c k e n s i d e s  i n  w e l l  c o n s t r i c t i o n  
and t h e i r  poss ib l e  removal i s  cont inuing.  
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8 THE RELATIONSHIP OF THERMODYNAMIC AND KINETIC PARAMETERS TO WELL PRODUCTION I N  DEVONIAN SHALE EGS-39 

TABLE 11. COMPARISON OF TYPE OF G R I N D I N G  

Ba l l  M i l l  Percussion Mortar 
Sample I . D .  
Corrected Depth 
Bulk Density (g/cm ) 

3 Isotherms-- 
He Density (g/cm ) 
I n i t i a l  Slope @ C  

Surface Area (Vol gas/Vol Rock) 
Diffusion Constants (cm2/sec x lO-7)-- 

CH4 @ 0°C 
N2@ 7 f K  

(Vol Gas/Vol Rock/Torr x CH4 
N2 @ 770K 

Well S i t e  Core Descr ipt ion 

3446' 2-4" 3446' 2-4'' 
345 8 ' 2- 4" 3458' 2-4" 
2.46 2.46 

2.47 2.67 

3.31 3.46 
1.40 .690 

2.59 3.25 
6 . 9 1  22.0 
Black shale  Black sha le  

TABLE 111. 

Sample I . D .  Depth (crn2/sec x 10-7) Descr ipt ion Descr ipt ion 

2736' 2-4" 2736' 2-4" 12.5 Med . gray-green Dull  

3426' 2-4" 3438' 2-4" .589 Black sha le  Shiny 
3836' 2-4" 3855' 2-4" 22 .o Blue gray sha le  Dull  

DIFFUSION OF CH4 I N  SLABS AT @ C  

Corrected Diffusion Constant Well S i t e  Core Slab Surface 

laminated s i l t y  sha le  

TABLE I V .  OUTGASSING RESULTS, Volume of Gas Per Unit  Volume of Rock 

Sample I . D .  'CH4 VC2H6 VC3H8 vco2 
2736' 2-4'' .028 0 0 0 - .06 .08 
2806 ' 2-4" 0 0 0 0 - .06 .07 
3096' 2-4'' .127 .04 0 0 - .135 - ,03 
3136' 2-4" .09 .03 0 0 - .09 .02 
3 156 ' 2-4" .08 .04 0 0 - . l  0 
3281 ' 2-4" .06 .02 0 0 - .05 .05 
3396 I 2-4'' .200 .05 .02 0 - .15 - .  11 
3416' 2-4" .740 .246 .154 .157 - .473 - .53 
3426' 2-4" .565 .215 .139 0 - .26 - .65 
3446 ' 2-4" .704 .242 .158 0 - .29 - .54 
3456 2-4" ,270 .078 .040 0 - .14 - .15 
3496 ' 2-4" .12 .047 . 0 16 0 - .072 - ,  11 
3716' 2-4" .004 0 0 0 - .04 .02 
3836' 2-4" 0 0 0 0 . 00s - .005 
3896' 2-4'' .265 ,073 .02 0 - .12 - .001 
4006' 2-4'' .37 .12 .025 0 - .24 - .01 
4026' 2-4" 1.37 .523 .239 0 - .30 - .18 

6 15 



EGS-39 SCHLETTLER, WAMF’LER, SIPLING, & MITCHELL 9 

4 

a m  

616 



I4
 0
 

12
c 

10
0 

8c
 

6C
 

9 ̂ \ $ 
4c

 
L
 2(

: 0
 

I 
1
 

1
 

1
 

r 

I 
2 

3 
4 

5 
6

 
7 

8 
9
 

10
 

FI
GU

RE
 1

1
. 

T
he

 e
ff

e
c

t 
of

 
lo

ca
li

ze
d

 c
o

n
st

ri
ct

io
n

s 
on

 w
el

l 
p

ro
d

u
ct

io
n

. 
T

he
 

lo
w

er
 c

u
rv

e 
sh

ow
s 

pr
od

uc
- 

ti
o

n
 f

ro
m

 a
 w

el
l 

w
it

h
 a

 h
ig

h
 d

eg
re

e 
of

 
lo

ca
li

ze
d

 
co

n
st

ru
ct

io
n

. 
In

 t
h

e 
up

pe
r 

cu
rv

es
 t

h
es

e 
co

n
st

ri
c-

 
ti

o
n

s 
a

re
 p

ro
g

re
ss

iv
el

y
 r

em
ov

ed
. 

p
ro

d
u

ct
io

n
 i

n
cr

ea
se

s 
an

d 
s

h
if

ts
 t

o
 l

ow
er

 
ti

m
es

. 
N

ot
e 

th
a

t 

0
 

r
 5 2: t-3
 

H
 

n
 

m
 

w
 

w 0
 

U
 

C
 

n
 

t-3
 

H
 

0
 z H
 

z U
 
C
 

0
 

m
 E r m
 

M
 

la rn
 

I W
 

u3
 



EGS-39 SCHLETTLER, WAMPLER, SIPLING, & MITCHELL 11 

FIGURE 111. Our l abora to ry  appa- 
r a t u s .  The slabbed o r  ground- 
sample i s  p laced  w i t h i n  the  c e l l .  
I n i t i a l l y  t h e r e  is a known p res -  
s u r e  d i f f e r e n t i a l  a c r o s s  V 1 .  
A f t e r  V 1  i s  opened, t h e  Data- 
me t r i c s  Barocel monitors pressure  
changes as a func t ion  of t i m e .  
The c a l i b r a t e d  bu re t  permits 
q u a n t i t a t i v e  i n t e r p r e t a t i o n  of 
t h e  p re s su re  readings  i n  terms of 
r a t e s  and amounts of gas product ion .  

HQ 
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SO'C I S O T H E R M S  

too 200 3 00 400 SO0 600 700 800 
Pre88ure (Torr) 

7 

FIGURE IV. Moles o f  various gases sorbed on a 5 . 6  gram sample a s  a function of pressure a t  3OoC. 
The s lopes  corre la te  w e l l  with the molecular p o l a r i z a b i l i t i e s  suggesting a simple 
adsorption mechanism for  entrainment of gas in  the rock. 
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CONODONT COLOR ALTERATION, AN ORGANO-MINERAL METAMORPHIC INDEX, 

AND ITS APPLICATION TO APPALACHIAN BASIN GEOLOGY 

bY 

ANITA G. WLRRIS 

AESTRACT 

Conodonts are apatitic marine microfossils of Cambrian through Triassic age. During incipient 
0 0  metamorphism (50 -300 C) they change color from pale yellow to brown to black due to carbon-fixing 

within the trace amount of organic matter in their skeletons. 
(30O255O0C), conodonts change from black to gray to white to crystal clear as a result of carbon loss, 
release of water of crystallization, and recrystallization. 
provides a mique link between mineral and organic indexing of thermal metamorphism and is best 
suited for carbonate rocks. 

As thermal metamorphism continues 

The conodont color alteration technique 

Conodont color alteration index (CAI) isograd maps for three stratigraphic intervals in the 
Appalachian basin show: 
of burial and the geothermal gradient. 
faulting act to significantly increase depth of burial. 
conformable throughout most of the northern half and in the western part of the southern Appalachian 
basin; in these areas, isograd values gradually increase eastward except for a major disruption in 
the area of the Rome trough. 4 )  South of central Virginia, isograds are disrupted and irregular be- 
cause late Paleozoic thrusting has severed and telescoped original burial metamorphism ieograd pat- 
terns. 
east Tennessee of about 115 miles (185 km). 6) The CAI 2 isograd (=brown conodonts) for each strati- 
graphic interval lies near the eastern limit of oil production for that interval; this limit shifts 
eastward for each successively younger stratigraphic interval concomitant with decreasing overburden. 
7) Gas production is less related to isograds and depends mostly on primary and (or) secondary por- 
osity and permeability. 
eastern limit of gas production because the temperature (depth of burial) necessary to produce this 
high level of organic Eetamorphism concurrently produces mineral metamorphism that reduces porosity 
and permeability and the likelihood of commercial reservoirs. 

1) Conodont color alteration is directly related to the depth and duration 
2) Tectonics affect color alteration only where folding and 

3 )  Isograds and overburden isopachs are 

5) Basin restoration using conodont CAI isograds indicates a maximum shortening in north- 

The CAI 4 isograd (=brownish-black conodonts) , however, approximates the 

II"!TF,ODUCTIOl\i 

The therual level of diagenesis or metamorphism of a rock car, be evaluated from its mineraloand 
(or) organic constituents. 
have been determined for pelitic sedimentary and volcanogenic rocks (€!over, 1976; Turner and Verhoo- 
gen, 1960). 
facies range f r o m  X-ray diffraction analysis of clay minerals to megascopic field identification of 
porghyro$lasts, respectively. The equivalert of incipient to low-grade mineral metamorphic indices 
(30 -300 C) have been determined for organic materials such as kerogen, vitrinite, and palynoEorFhs 
(see Eostick and Damberger, 1971, table 1). Indexing of organic naterials is accolliplished by means 
of chemical analysis, spectral fluorescence, reflectance or  transluscence FhotoEetry, o r  Visual 
color comparison. 
whereas mineral indices are used f o r  higher temperatures. 

Incipient to high-grade metamorphic mineral assemblages ( 5C0 to +8@@ C )  

Identification techniques for determining incipient to high-grade metamorphic mineral 

Crganic indices are generally used for assessing temperatures of less than ?@Ooc ,  
It is noteworthy that the mineralogy and 
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the depositional and post-depositional environments of pelitic rocks have made them the chief source 
of most organic and mineral metamorphic indices. 
until now, unsuitable for assessing thermal metamorphism. 

For the- same reasons, carbonate rocks he.ve been, 

A unique link between mineral and organic indexing of thermal metamorphism is provided by the 
conodont color alteration technique which combines both mineral and organic indexing in one element. 
This technique is applicable in the temperature range of 50' to 55OoC and is best suited for cor- 
bonate rocks. 

Although most of the earlier work concerning conodont color alteration indexing (Epstein, 1976; 
Epstein and others, 1977) dealt with the experimental laboratory data that justify the technique, 
this report deals chiefly with its application, as the experimental data are now published. 

Conodonts 

Conodonts (fig. 1) are apatitic marine microfossils (generally 0.1-1 m) that contain trace 
amounts of organic matter. 
tribution in Cambrian through Triassic rocks and are valuable index fossils for biostratigraphic cor- 
relation throughout most of their geologic range. 
apatite according to Pietzner and others, 1968), conodonts are readily recovered from carbonate 
rocks by organic-acid treatruent and are then fxther concentrated by heavy-liquid and (or) magnetic 
separation. 
marbles interbedded with garnet-mica schists (SchBnlaub and Zezula, 1975). 
dant in slowly deposited and (or) hydraulically reworked carbonate or clastic sediments. 
the laboratory they are most easily extracted and concentrated from carbonate rocks, in the field 
they are most easily recognized in black shales because of the color contrast between the dull black 
shale and the vitreous lighter colored conodont (and even more noticeable if the conodonts are weath- 
ered and thus chalky white). 

They are the hard parts of an unknown organic group of worldwide dis- 

Because of their mineral composition (carbonate 

They readily persist into greenschist metamorphic terranes and have been recovered frorc 
Conodonts are most abun- 

Though in 

Conodcnt Color Alteration 

Unweathered conodonts are pale yellow (fig. la-a), light to dark brown (fig. le-j), black (fig. 
Ik, l), opaque white (fig. Im), and crystal clear (fig. In, 0); if unweathered and thermally unweath- 
ered and thermally unaltered, they are pale yellow (fig. la-d) . 
pressure experiments with and without water, Epstein and others (1977) have shown that: 

Using controlled time-temperature- 

1. The sequence of color change from pale yellow to black to white conodonts found in field collec- 
tions is the same as that produced by heating alone. 

2. Conodont color alteration is progressive, cumulative, and irreversible. 
3. Color alteration is time and temperature dependent. 
4.  Pressure neither retards nor accelerates color alteration. 
5. In an open systen, water neither retards nor accelerates color alteration, but in a sealed system, 

water in combination with pressure and h a s  retards color alteration by 50 percent. 
6 .  Color alteration frcm pale yellow to blacir probably resdts from a carbon-fixing process within 

trace amounts of organic matter in the apcti5ic conodont. 
black through gray and opaque white, to crystal clear is the remit. of carbon loss, relesse of 
water of crystallization, and recrystallization. 

7. Eight distinct levels of  color alteration (termed indices) can be discriminated visually. 
8. An Ahrrenius plot of the experimental data and field data indicate that conodont cglor alter- 

ation begins at about 5OoC and continues into garnet-grade metamorphism (about 550 C). 

Frogressive eolor alteration from 

In addition, conodont color alteration has been correlated with other optical organic indices and with 
percent fixed carbon (Epstein and others, 1977; table 1 1. 

APPLICATIONS OF THE CONODONT COLOR ALTWATION INDEX 
(CAI) IN THE APPALACHIAN BASIN 

Conodont CAI as a Geothermometer 

The CAI of a conodont sample can be determined by comparing unindexed conodonts with a set of 
laboratory-produced or field-assembled conodont standards or with a conodont color chart or soil color 
chip chart. These techniques are described in Epstein and others (1977). 

Once a sample is indexed, a temperature range can be determined using an Ahrennius plot Of the 
experimental data of Epstein and others (1977, fig. 3; fig. 2). For example, late Kiddle Ordovician 
conodonts from Monterey, Va., in the Valley and Ridge province of the Appalachians, have a CAI value 
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of 4 to 4.5. The age of the conodonts gives a maximum possible time for burial and heating of 470 
m.y., but this can be further refined from a knowledge of Appalachian geology. 
Appalachians, the latest possible time for beginning of unloading by erosion is Middle Triassic. 
Therefore, 270 m.y. is the maximum possible time for burial and heating, thus providing the lowest 
possible temperature for conodonts of CAI 4-4.5 (fig. 2 ,  heavy solid lines). Using figure 2 and 
prodectigg the 4-4.5 field segment of the 270 m.y.-line to the X axis yields a temperature range of 
185 -220 C for these conodonts. 
earliest possible time for unloading in this part of the Appalachians, the ,paximum timeofor burial 
and heating is 210 m.y. (fig. 2 ,  dashed lines), thus a maximum temgeratye range of 190 -230 C. 
total possible temperature range for this samples therefore is 185 -230 C. 

In this part of the 

If, however, unloading began in the late Pennsylvanian, which is the 

The 

This temperature range is compatible with other geologic data. In the vicinity of Monterey, at 
least 14,300 feet (4,359 m) of rockois known to overlie the Middle Ordovician (fig. 2). 
an average ggothermal gradient of 1 C per 100 feet, known overburden alone can account for a temper- 
ature of 160 C. 
restoration of section missing by erosion could easily account for the additional 30 -70 C. 
over, Paleozoic rocks in the Monterey area are cut by Cenozoic intrusions which could also indicate 
a higher than average Cenozoic geothermal gradient. 

If we assume 

Thickening and (or) duplication of section by folding and faulting gombfined with 
More- 

Conodont CAI Isoerad Maw 

Conodont CAI isograd maps aid in basin analysis of thickness of overburden, structural history, 
and oil and gas potential. 

The Appalachian basin is an ideal area to test and apply conodont CAI because 1) most of the 
bedrock is of Paleozoic age, 2 )  fairly abundant geologic data are available in a basin where geologic 
investigation has been going on for more than a century, 3 )  a variety of structural settings are 
available from near horizontal beds on the north and west to increasingly folded and faulted terrane 
on the east and south, 4 )  post-Paleozoic deposits are negligible, 5 )  igneous activity is negligible, 
and 6) more than a century of hydrocarbon exploration has broadly outlined the limits of oil and 
gas production. 

Isograd maps were compiled for the Appalachian basin using U.S. Geological Survey collections 
and many specimens and samples provided by colleagues in universities, state surveys, and the petrol- 
eum industry. 
donts from noncarbonate rocks were not used, so that variation in host-rock lithology could be 
neglected. 

A l l  collections are from carbonate rocks and almost all are from liuestone. Cono- 

Because depth (temperature) and duration of burial affect color alteration, conodont CAI iso- 

These intervals were chosen because each con- 
grad maps were compiled for three stratigraphic intervals--Ordovician, Silurian through Yfddle 
Devonian, and Upper Devonian through Mississippian. 
tains at least one widespread marine carbonate unit. 

The best analysis of a conodont CAI isograd map is achieved when used in conjunction with an 
Such maps were compiled for each isograd interval (not shown in this re- overburden isopach map. 

port, but available in IJgrris and others, in press) using data given in de Witt (1975) ,  de Witt and 
others (1975),  and Miller (1975). 
eastward for almost all stratigraphic intervals in post-Middle Ordovician rocks. CAI 1 is in areas 
having a history of minircal burial, which are along the western edge of the basin. CAI isograd and 
iaopach trends are conformable throughout most of the basin, especially in western an.! central areas 
where most of the Paleozoic section is preserved and deformation was minimal. 

In general, in the Appalachian basin, overburden and CAI increase 

CAI isonrad  ma^ for Ordovician rocks (fis. 3i.--Conodonts from 60 Lower Ordovician, 318 Middle 
Ordovician, and 29 Upper Ordovician samples, for a total of 407 localities, were indexed (sample 
localities are shown in Harris and others, in press). Wherever possible, lower to middle Middle 
Ordovician collections were used in order to provide as uniform a stratigraphic position as possible. 
Isograds are drawn on the first occurrence of an index value, so that the 2 isograd passes through 
localities having conodonts with index values of 19 to 2 .  

The consistent westward bulge of Ordovician isograds in Pennsylvania reflects the composite 
effect of eastward-thickening Silurian through Permian clastic wedges that are superimposed in that 
area. Here too, as in much of the western and central part of the basin, the relatively even spac- 
ing of isograds indicates that the original post-Ordovician overburden patterns are not tectonically 
disrupted. 
trough area. 

One major isograd disruption occurs within the central Appalachian basin, in the Rome 
Well data indicate higher CAI and isopach values in the trough than to the east or west. 
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Although data are meager, I have taken the liberty of presenting one possible interpretation of this 
area, rather than continuing the regional isograd trend through it with most of the data points ap- 
pearing as anomalous hot spots. Interestingly, isograds in the Rome trough mircic Silurian isopachs 
(de Witt and others, 1975) as well as structure contours on the top of the Ordovician (Miller, 1975). 

South of central Virginia, in the southeastern part of the Appalachian basin, isograds are dis- 
rupted and irregular, because late Paleozoic thrusting has severed and telescoped original metamorphic 
isograd patterns. 
tle irfluence on organic metamorphism levels in underlying autochthonous rocks indicating that the 
allochthonous sheet ( s )  was not thick enough to raise the metamorphic level of the autochthonous plate. 
In Tennessee, for example, along the present eastern limit of the basin where surface control is 
good, isograd trends in Ordovician rocks and the strike of the overriding Great Smoky thrust sheet 
(carrying older rocks of chlorite to biotite grade along its western edge) are discordant. Thrust- 
ing from the east can and does place more thermally mature strata over less thermally mature strata 
to the west. 
acterize the organic maturity of rock in the autochthonous plate. This relationship is illustrated 
by the fact that autochthonous rock exposed in windows through the Blue Ridge thrust sheet in Tennes- 
see and in the Fulaski thrust sheet in Virginia are thermally less mature than the overlying alloch- 
thonous sheet. Even Eore striking is the fact that conodonts from a window in the Great Smoky thrust 
sheet have a CAI of only 2,  indicating that these Ordovician carbonate rocks could not have been 
buried as deeply or reached the same degree of thermal maturity as correlative rocks 10-15 miles (16- 
24 km) to the west which are exactly the same age but contain conodonts having a CAI of 4. The cono- 
donts that have anonalously low CAI may be from rocks representing the eastern edge of the Appalachian 
basin, which were thrust westward during a late tectonic event and are now near the depocenter of the 
basin. Similar anomalies are found in the thrusted terranes east of the main Ordovician outcrop belt 
in New Jersey and Kew York. 

In some areas tectonic burial by overriding thrust sheets appears to have had lit- 

AS a consequence, isograds on the surface of a thrust sheet do not necessarily char- 

The isograd map also provides a guide for basin restoration. The CAI 2 and 5 isograds are about 
175 miles (280 km) apart in New York (A-At, fig. 3 )  in an area of little deformation. These isograds 
bound an area that contained a minimum of 8,000 feet (on the northwest) to 25,000 feet (on the south- 
east) (2,4.40-7,625 m) of fill. Depositional patterns and strike appear to have been reasonably con- 
sistent throughout most of the basin during the Paleozoic. The distance between the 2 and 5 isograds 
remains remarkably consistent southward to central Virginia at which point the 5 ,  4*, and 4 isograds 
disappear the reappear beneath the Blue Ridge thrust sheet and eastern isograd bands narrow. In tke 
Appalachian basin, the shortest distance between the 2 and 5 isograd is 60 miles (95 km),.in northeast 
Tennessee (B-Bt, fig. 3 ) ,  indicating a maximum shortening of the basin in this area of 115 miles 
(185 km). 
mum late Paleozoic shortening of 65 miles (105 km) in this same area. Still another estimate of 
shortening for part of this area is given by Harris (1974).  
stromatolite bank edge indicates 40 miles (64 kn) of shortening in the less tectonically disturbed 
west half of the Valley and Ridge province in northeast Tennessee. 

Using different methods of basin reconstruction, Dennison and Woodward (1963) show a mini- 

His restoration of an Upper Cambrian 

If the geothermal gradient was reasonably consistent throughout the basin (isopach and isograd 
maps indicate it was), then overburden isopachs could be restored from isograd values in areas of 
erosion. 
of overburden which can be used as a base value. 
vician CAI values in the Appalachian basin. 

The 4& isograd area in eastern Pennsylvania now contains a minimum of 24,000 feet (7,880 m) 
Table 1 gives minimum overburden ranges for Ordo- 

CAI isoarad maD for Silurian through Middle Devonian rocks (fig. L).--Conodonts from 43 Silurian 
and 111 Lower and Middle Devonian localities, a total of 154 points, were indexed (sample localities 
are shown in Harris and others, in press). 
Devonian limestones. 
this age are generally absent in the outcrop belt. 

Most points are for uppermost Silurian and lowermost 
Isograds do not extend south of southern Virginia because carbonate rocks of 

The Silurian through Middle Devonian isograd map readily shows the correlation of conodont Color 
In western New York overburden is rela- 

Only the easternmost part of the outcrop belt, 

The color 

with thickness of overburden regardless of tectonic setting. 
tively thin (4,000-8,000 ft; 1,220-2,440 m) and conodonts are only slightly altered (CAI 1.5-2).  
onian rocks are virtually flat lying across New York. 
just west of Albany, N.Y., is within the folded and faulted Valley and Ridge province. 
gradually darkens across New York and no abrupt color change occurs at the tectonic front. 
alteration in New York conforms to an eastward-thickening wedge of Upper Devonian clastic rocks. 
Conodonts in south-central Pennsylvania, in the western part of the folded and faulted Valley and 
Ridge province, are the same color as conodonts in flat-lying rocks having comparable overburden in 
east-central New York. The darkest conodonts are in outliers east of the main outcrop belts and ad- 
jacent to the anthracite fields in eastern Pennsylvania, where Mississippian and Pennsylvanian rocks 

Dev- 

Conodont color 
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are thickest. These data demonstrate that tectonics do not affect. color alteration in conodonts. 

Comparison of the same isograd value at different stratigraphic levels provides information on 
Near coincidence of two such isograds indicates a thin inter- the thickness of intervening strata. 

veningsection, an unconformity, and ( o r )  tectonic superposition. 
between the CAI 4 isograd in chiefly lower to middle Middle Ordovician rocks and the same isograd in 
Upper Silurian-lowermost Devonian rocks in the northern half of the Appalachian basin. The two iso- 
grads are nearly coincident from their northern limit to central Pennsylvania at which point they 
abruptly spread 60 miles (95 km) apart. 
and finally merge in central Virginia. 
ional, depositional, and structural patterns. 
(near Albany), Upper Ordovician and Silurian rocks thin and are gradually cut out along a post-Middle 
Ordovician unconformity (Taconic unconformity) , so that near Albany, uppermost Silurian rocks lie on 
Middle to Upper Ordovician rocks. 
are nearly coincident. 
2,000 to about 15,000 feet (6104,575 m) southeastward across Pennsylvania and thins gradually south- 
westward and rapidly northeastward (fig. 5A). A much thinner series of Silurian rocks follows nearly 
the same regional pattern (compare fig. 58 with 5B). 
pattern shown on figure 5. 
grads west of Middle Ordovician isograds) in southern Virginia results from westward thrusting of 
more thermally mature younger strata over less thermally mature older strata. 

Figure 5 shows the relationship 

They begin reconvergence at the Pennsylvania-Maryland border 
This configuration results from regional variation in eros- 

From central Pennsylvania to northeastern New York 

Thus overburden for both units is nearly identical and isograds 
A Middle and Upper Ordovician chiefly clastic marine sequence thickens from 

Both intervals combine to produce the isograd 
The reversal in isograd position (Upper Silurian-lowermost Devonian iso- 

CAI isoarad map for Upper Devonian through Miss'hsippian rocks (fig. 61.--Conodonts from I43 
Upper Devonian through Mississippian and from 14 Pennsylvanian localities were indexed. 
ian localities were used only as a guide to contouring. 
sent most of the post-Mississippian deposits in the Appalachian basin because younger deposits were 
very thin or absent. 

Pennsylvan- 
Pennsylvenian-Permian rocks probably repre- 

A comparison of Upper Kississippian isograds and Pennsylvanian isopachs (fig. 7) in the central 

1. The westward-projecting lobe of the CAI 1.5 isograd at the Kentucky-Tennessee border may conform 
to a lobe of Pennsylvanian rocks that at one time extended farther westward. 
CAI 1.5 isograd outlines an area of oil and gas production from Mississippian rocks in Tennessee 
and Kentucky (de Witt, 1975, sheet 4 ) .  

Pennsylvanian rock that must have at one time been part of a much thicker continuaus northwest- 
trending clastic wedge. 

3. The northwest-trending area of CAI 2 to 3.5 in southeast Vest Virginia coincides with anomalous 
Ordovician CAI highs and with an area of modern hot spring activity. 
area possibly results from a buried pluton (see Dennison and Johnson, 1971). 

Appalachian basin shows: 

Significantly the 

2. The CAI 2 isograd in West Virginia encompasses the 2,500-foot-thick (762-m-thick) outlier of 

The high heat flow in this 

Assessment of Kvdrocarbon Potential from CAI Isoarad Maps 

Because organic maturity within conodonts is related to depth of burial, more than one isograd 
map is needed to assess oil and gas pcjtential. 
(figs. 3, 4, and 6). 
production in the Appalachian basin for three stratigrarhic intervals and the CAI isograd that best 
approximates this bouxisr7. 
stratigraphic intervals is not geographically coincident. 
cessively younger stratigraphic ir-terval generally shifts eastward concomitant with decreasing over- 
burden values (indicated by tke eastward shift of the associated C A 1  2 isograd). 
CAI 2 isograd lies near the eastern lircit of oil production for each stratigraphic interval. 
appears that the CAI 2 isograd which correlates with a fixed carbon value of 65 percent (table 1) 
marks the cutoff for commercial oil and condensate production (Bostick and Damberger, 1971, table 1 1. 
Gas production (fig. 8B), on the other hand, shows less relation to isograds. 
Silurian through Middle Devonian production broadly meanders across the basin and across isograd 
trends. Gas generation occurs below, within, and well abcve the thermal limits for oil generation 
(from soon after burial into chlorite-grade metamorphism; from CAI 1 to t4). 
mostly on primary and ( o r )  seccndary porosity and permeability for accumulation in structural and 
stratigraphic traps. 
gas production over large areas of the Appalachian basin. 
necessary to produce this high level of organic metamorphism (CAI 4) concurrently produces mineral 
metamorphism that reduces porosity and permeability and the likelihood of commercial reservoirs. 

Accordingly, the three isograd maps were produced 
Figwe 8 shows the eastern limit of commercial oil (fig. 8A) and gas (fig. 8B) 

It is imymrtant t o  note tha5 the cutoff for oil production for different 
Tne linit for oil production f o r  each suc- 

In figure 8A, the 
It 

The eastern limit of 

Gas production depends 

Thus it appears odd that the CAI 4 isograd approximates the eastern limit for 
However, the temperature (depth of burial) 
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From the standpoint of or anic diagenesis, the entire Paleozoic section provides potential target 
horizons for oil production onfy in the westernmost part of the northern Appa achian basin and 
throughout the western half of the southern Appalachian basin. However, younger Paleozoic rocks with- 
in this terrane may not have even reached the thermal threshold for oil generation. 
alteration begins near the upper thermal limit for o i l  generation, so that this technique can only 
be used for assessing the thermal cutoff, not the thermal threshold for oil generation. 

Conodont color 

The requirements for natural gas production are far less restrictive than those for oil. Gas 
can be generated from a greater variety of organic materials and can be generated and preserved 
through a much larger thermal range than oil. 
has a thermal potential for gas production. 
deformation eastward in the basin decreases the potential for gas production in that area for the 
following reasons. 
found in the eastern part of the basin, mineral metamorphism simultaneously acts to reduce porosity 
and permeability. 
and serve as channelways and traps for gas migration and accumulation. 
ever, can contribute to the loss of gas from otherwise suitable traps. 
eastern part of the basin must be preceeded by detailed geologic investigration to identify appro- 
priate targets. 

As a consequence, almost the entire Appalachian basin 
But the increase in thermal metamorphism and tectonic 

Although gas generation continues into the high levels of thermal metamorphism 

In this same area, major and minor tectonic fractures can produce permeability 
These same channelways, how- 
Therefore, exploration in the 
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8 CONODONT COLOR ALTERATION, AN ORGANO-MINERAL METAMORPHIC INDEX EGS-40 

0.2 mm 

FIGURE 1.--A selection of conodont element of diverse form, age, and 
color. Even though this is a black and white photograph, some con- 
cept of the color change in conodonts can be appreciated. Letter 
symbols are explained in text. 

FIGURE 2.--Ahrreniue plot of data from conodont open-air heating runs of 
Epstein and others (1977, fig. 3) showing best color fit for late Middle 
Ordovician conodonts from the Valley and Ridge province near Monterey, Va. 
The CAI of these conodonts was determined by comparing them uith index 
standards. 
erature ranges of conodont samples is explained in the text. 

Use of this plot for determination of minimum and maximum temp- 
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FIGURE 3.--Conodont co lo r  alteration isograd map for Ordovician carbonate rocks, chiefly 
limestone, in the Appalachian basin. Lettered lines are explained in text. 
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10 CONODONT COLOR ALTERATION, AN ORGANO-MINERAL METAMORPHIC INDEX 

EXPLANATION 
Conodont color alteration index 

< I  5 

3 to 4 

4 to 5 

- - - 2  

(CAI) ISOGRAD 

contour interval 'h index 

EGS-40 

FIGURE 4.--Conodont cn;w : . : ---s4 L:.-I; A ~ L g z - a d  map f o r  Silurian through Middle Devonian 
limestones in the Appalac t iac  xL. ir.. 
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12 CONODONT COLOR ALTERATION, AN ORGANO-MINERAL METAMORPHIC INDEX 

Ex P LA N4 n 0 N 
Conodont color alteration index 

2 to 3 

---2 
CONODONT COLOR ALTERAnON INDEX I 

(CAI) ISDGRAD 

contour interval H index 

FIGURE 6.--Conodont color alteration isograd map for Upper Devonian through Mississippian 
carbonate rocks in the Appalachian basin (sample localities are shown i n  Harris and 
others, in press). 

EGS-40 
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DEVONIAN HARRELL AND MILLBORO SHALES I N  PARTS OF 
PENNSYLVANIA, MARYLAND, WEST V I R G I N I A  AND V I R G I N I A  

Kenneth 0. Hasson, Environmental and Regional Research Associates 

John M. Dennison, The Universi ty  of North Carolina 

ABSTRACT 

The Grayish Black Millboro Shale  occupies t h e  Tioga t o  Brallier i n t e r v a l  w e s t  of a l i n e  between 
Cambria County, Pennsylvania and Rockingham County, Virginia.  
s h a l e  is s p l i t  by a wedge of s i l t y  gray s h a l e  (Mahantango Formation) which becomes q u i t e  coarse  east- 
ward. 
Gray H a r r e l l  Shale  (with i t s  Lower Black Burket Member) above. 

The Tully l imestone is present  i n  Harrell o r  Burket outcrops as w e l l  as i n  t h e  Millboro Shale. 

East of t h i s  l i n e ,  t h e  uiass of black 

This wedge separa tes  t h e  Millboro i n t o  t h e  Grayish Black Marcellus Shale below and t h e  Dark 

The P u r c e l l  Member forms a convenient marker zone i n  both Marcellus and Millboro formations. 

INTRODUCTION 

The purpose of t h i s  paper i s  t o  present  some preliminary r e s u l t s  of a s t r a t i g r a p h i c  invest iga-  
t i o n  of t h e  Harrell and Millboro Shales i n  p a r t s  of Pennsylvania, Maryland, West Virg in ia ,  and V i r -  
g inia .  The pro jec t  a rea  covers approximately 11,000 square m i l e s  (28,000 sq.  km.) i n  these states 
(Figure 1 ) .  The da ta  on which t h e  i n t e r p r e t a t i o n s  a r e  based cons is t  of d e t a i l e d  measured sec t ions  
i n  t h e  Ridge and Valley a r e a  and w e l l  logs  w e s t  of the  Allegheny Front .  

STRATIGRAPHY 

Because of regional  f a c i e s  changes, most formations do not  extend across  t h e  e n t i r e  s tudy area; 
thus ,  t h e  s t r a t i g r a p h i c  sequence and nomenclature d i f f e r  according t o  geographic locat ion.  
involved w i l l  be considered i n  order  from youngest t o  o l d e s t .  

The u n i t s  

B r a l l i e r  Formation 

The Brallier Formation (Butts ,  1918) was named f o r  exposures near  Brallier S ta t ion ,  Bedford 

The shale is t h i c k l y  
County, Pennsylvania. 
o l i v e  gray-weathering s i l t y  sha le  with considerable interbedded s i l t s t o n e .  
laminated and chippy weathering. 
(0.3 m.) thick.  

The formation c o n s i s t s  of a monotonous sequence of medium dark gray, l i g h t  

The s i l t s t o n e  is  d i s t i n c t l y  bedded i n  beds up t o  about one foot  

The Brallier everywhere o v e r l i e s  t h e  Harre l l  o r  Millboro, and i n  outcrops t h e  contact  can be 

In  easternmost outcrops t h e  very d i s t i n c t l y  
seen t o  be gradat ional .  
t h e  base of t h e  u n i t  both i n  outcrop and subsurface.  
bedded B r a l l i e r  s i l t s t o n e s  o v e r l i e  t h e  more i r r e g u l a r l y  bedded o l i v e  s i l t y  sha les  o r  shaly s i l t s t o n e  
of t h e  Mahantango Formation. 

The lowest d i s t i n c t  s i l t s t o n e  underlain by uninterrupted s h a l e  i s  taken as 

6 34 
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DEVONIAN HARRELL AND MILLBORO SHALES I N  PARTS OF 

PENNSYLVANIA, MARYLAND, WEST V I R G I N I A  AND V I R G I N I A  EGS-41 

* Harrell Shale 

The Harrell Shale (Butts ,  1918) is  a f i s s i l e ,  medium t o  dark gray s h a l e  which is  about 260 f e e t  
(64 m.) t h i c k  i n  t h e  type sec t ion .  Here, t h e  upper 180 f e e t  (55 m.) c o n s t i t u t e  t h e  gray por t ion  of 
t h e  formation; t h e  lower 80 f e e t  (24 m.) a r e  black, f i s s i l e  s h a l e  which comprise t h e  Burket Member 
(Butts ,  1918). A d e t a i l e d  descr ip t ion  of t h e  type s e c t i o n  i s  given by Hasson (1966). 

The contact  with t h e  overlying B r a l l i e r  is gradat ional ;  t h e  gray s h a l e  becomes s i l t ier ,  but  
lacks  d e f i n i t e  s i l t s t o n e s  and takes  on an o l i v e  c a s t .  The lowest d i s t i n c t  s i l t s t o n e  i s  taken as t h e  
Harre l l -Bra l l ie r  contact .  

The t r a n s i t i o n a l  zone between t h e  Harrell and B r a l l i e r  i s  recognizable a l l  along the  Allegheny 
Front outcrop b e l t ,  a t  l e a s t  from t h e  type sec t ion  t o  Millboro Springs,  Virginia .  
t h e  zone increases  upward and t h e  sha les  become more t h i c k l y  laminated, resembling s i l t s t o n e s  i n  
t h e i r  f laggy appearance. 

S i l t  content  of 

Below t h e  t r a n s i t i o n a l  zone and above t h e  grayish black sha les  of t h e  Burket Member, t h e  Harrell 
is  very dark gray, t h i n l y  t o  t h i c k l y  laminated sha le  which weathers t o  p l a t e s  and sheets .  

The Burket Member is a grayish black, f i s s i l e ,  platy-weathering sha le .  A t  t h e  type H a r r e l l  t h e  
Burket r e s t s  on t h e  Tul ly  Limestone; a t  o ther  l o c a l i t i e s  t h e  Tul ly  i s  absent ,  and t h e  Burket rests 
d i r e c t l y  on t h e  o l i v e  sha les  of t h e  Mahantango. 

The H a r r e l l  and Burket t h i n  t o  t h e  southwest and pass  l a t e r a l l y  i n t o  t h e  Millboro Shale near  
Mouth of Seneca, West Virginia .  
so t h a t  near  t h e  Virginia-West Vi rg in ia  border t h e  H a r r e l l  Shale is  v i r t u a l l y  unrecognizable, and f o r  
mapping purposes t h e  Brallier rests on t h e  Mahantango. 
interbedded with Bra l l ie r - type  s i l t s t o n e s .  
shales of t h e  Mahantango. 
l i m i t  of recognizable Mahantango. 

To t h e  east t h e  upper H a r r e l l  changes f a c i e s  i n t o  Brallier l i t h o l o g y ,  

I n  t h i s  a rea  t h e  Harrell i s  medium gray and 
Burket black sha les  a r e  replaced eastward by s i l t ier  

Westward i n t o  t h e  subsurface t h e  Harrell Shale is extended only t o  t h e  

Tul ly  Limestone 

The Tul ly  Limestone occurs a s  a concret ion zone from southern Pennsylvania southward. The con- 
c r e t i o n s  occur a t  t h e  base of t h e  Harrell Shale o r  wi th in  t h e  Burket Member of t h e  Harre l l .  Large 
concret ions a t  t h e  Tul ly  p o s i t i o n  have been recognized i n  t h e  Millboro Shale as far  south a s  Bath 
County, Virginia .  The Tul ly  is bedded limestone t o  t h e  w e s t  i n  t h e  subsurface.  

Mahan tango Format ion  

The term Mahantango Formation was introduced by Willard (1935) f o r  post-Marcellus - pre-Tully 
The name w a s  taken from the 'North Branch of Mahantango Creek i n  

The reason f o r  introducing t h e  name was t h e  d i f f i c u l t y  
strata i n  c e n t r a l  Pennsylvania. 
Snyder and J u n i a t a  Counties, Pennsylvania. 
involved i n  recognizing u n i t s  of t h e  Hamilton Group of New York i n  Pennsylvania. 
accepted nomenclature of t h e  West Virg in ia ,  Maryland, and Pennsylvania geological  surveys. 

Mahantango i s  now 

The Mahantango c o n s i s t s  of t h i c k l y  laminated, usua l ly  s i l t y  s h a l e  with much s i l t s t o n e  and some 
The formation has  severa l  named members, some d e t a i l s  of which were discussed i n  a pre- 

I n  t h e  nor theas te rn  p a r t  of t h e  study area  these  members, 
limestone. 
vious paper (Dennison and Hasson, 1976). 
i n  upward succession, are: Gander Run Shale, Chaneysville S i l t s t o n e ,  Frame Shale,  unnamed s i l t s t o n e ,  
unnamed sha le ,  Clearville s i l t s t o n e ,  Pokejoy Member, unnamed shale .  

The Pokejoy Member (Hasson and Dennison, 1974) i s  l o c a l l y  a c o r a l  biostrome (Dawson, Maryland; 
Burlington, West Virginia)  which e x h i b i t s  an upward zonation somewhat s i m i l a r  t o  t h a t  described by 
Oliver  (1951) i n  c e n t r a l  New York. The c o r a l s  b u i l t  on t h e  f i rm s u b s t r a t e  provided by t h e  Clear- 
v i l l e  s i l t s t o n e  i n  waters cleared by a sea  level rise which caused an eastward s h i f t  of t h e  shore 
l i n e .  Increased d e t r i t a l  sedimentation destroyed the  c o r a l  environment (Hasson and Cocke, 1973) . 

Unfortunately,  s t r a t i g r a p h i c  d e t a i l s  of the  Mahantango Formation a r e  known only s l i g h t l y ,  and 
t h i s  u n i t  should be t h e  subjec t  of a majoy study. 

Another l imestone i n  t h e  Mahantango is t h e  Landes Limestone (Reger, 1924), with i t s  type sec t ion  
This bedded l imestone and concret ion zone is almost 400 feet at Landes, Grant County, West Virginia .  

(122 m.) below t h e  top of t h e  Mahantango Formation (Hasson, 1966). 
b e l t  a l imestone concret ion zone occurs i n  t h e  Gander Run Shale and extends l a t e r a l l y  i n t o  t h e  M i l l -  
boro Shale. This zone is probably c o r r e l a t i v e  with the  Landes (Dennison and Hasson, i n  p r e s s ) .  

I n  t h e  Allegheny Front outcrop 
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Marcellus Shale 

The Marcellus Shale is  t h e  b a s a l  u n i t  of t h e  Hamilton Group and c o n s i s t s  of g ray i sh  black,  t h in -  
l y  laminated sha le .  
The con tac t  i s  placed where t h e  g ray i sh  black,  p l a t y  s h a l e  changes upward i n t o  t h e  s i l t ier ,  more 
t h i c k l y  laminated s h a l e s  of t h e  Gander Run. 

Its upper con tac t  w i th  t h e  Gander Run Member of t h e  Mahantango is  diachronous.  

Within t h e  Marcellus,  28-91 f e e t  (8.5-28 m.) above t h e  base,  occurs  a zone of bedded t o  concre- 
t i ona ry  l imestone interbedded with c a l c i t i c ,  t h i c k l y  laminated, dark gray sha le .  This  zone has  in-  
formal s t a t u s  as t h e  P u r c e l l  l imestone (Cate, 1963) and provides  an  e x c e l l e n t  marker horizon i n  t h e  
Millboro and Marcellus,  t r a c e a b l e  from Vi rg in i a  t o  New York. Many outcrops of P u r c e l l  con ta in  golf 
b a l l - l i k e  conc re t ions  which X-ray a n a l y s i s  shows t o  be composed of b a r i t e  (Dennison and Hasson, i n  
p r e s s ) .  

Millboro Shale  

The Millboro Shale w a s  proposed by Bu t t s  (1940) as a mapping u n i t  t o  i nc lude  what i s  now recog- 
nized as t h e  Tioga Bentonite-base of Brall ier i n t e r v a l  because t h e  Marcellus and Naples s h a l e s  could 
not  be r e a d i l y  sepa ra t ed  and mapped. 
is  not recognizable .  

The name Millboro i s  app l i ed  only i n  areas where t h e  Mahantango 

I n  t h e  type  s e c t i o n  a t  Millboro Springs,  V i rg in i a ,  t h e  formation i s  about 1800 f e e t  (550 m.) 
t h i c k  and con ta ins  recognizable  Harrell,  Mahantango and Marcellus elements,  bu t  t hese  are too  poorly 
developed t o  be considered as mappable u n i t s .  The only d e t a i l e d  d e s c r i p t i o n  of t h e  s e c t i o n  i s  given 
by Hasson (1966). A general ized column of t h e  s e c t i o n  i s  shown i n  Figure 2. 

Lithosomes p e c u l i a r  t o  t h e  Harrell and Mahantango are recognizable  i n  t h e  s e c t i o n ,  and are 
l abe led  i n  Figure 2 as Harrell o r  Mahantango "influence." 
l i thosomes too f eeb ly  developed t o  map s e p a r a t e l y ,  so  t h e  use of Millboro as t h e  mapping u n i t  is 
q u i t e  s u i t a b l e .  

The term "influence" is used t o  d e s c r i b e  

We use t h e  term Millboro w e s t  of a l i n e  extending from Rockingham County, V i rg in i a  t o  West V i r -  
g i n i a  southwest of t h e  Grant-Pendeleton County border  i n  t h e  Allegheny Front outcrop b e l t ,  and pass- 
ing n o r t h  along t h e  western border  of Maryland t o  Cambria County, Pennsylvania.  

Tioga Bentoni te  

The Tioga Bentoni te  is t y p i c a l l y  brownish, tuffaceous s h a l e  which con ta ins  abundant s m a l l  fos- 
sils. 
middle coa r se  zone t u f f s  mark t h e  boundary between t h e  Needmore and Marcellus i n  t h e  no r th  and t h e  
boundary between t h e  Needmore and Millboro Shales i n  t h e  south.  

The middle coa r se  zone of t h e  Tioga con ta ins  t h r e e  sand-size t u f f s  w i th in  2 f e e t  (0.6 m.); t h e  

- Needmore Shale 

The Needmore Shale  i s  d i v i s i b l e  i n t o  t h r e e  members: an upper c a l c i t i c  s h a l e  and l imestone,  a 
middle c a l c i t i c  s h a l e  member, and a black,  b a s a l  Beaver Dam Shale Member. 
more has  been descr ibed by Dennison (1960, 1961). 

S t r a t ig raphy  of t h e  Need- 

DISCUSSION 

Figure 3 is  a c ross  s e c t i o n  drawn perpendicular  t o  s t r u c t u r a l  s t r i k e  between t h e  easternmost 
outcrop a t  Wheatfield,  Frederick County, V i rg in i a  and t h e  Morris E-1 w e l l  i n  Monongalia County, West 
Vi rg in i a .  
Brallier and t h e  upper, unnamed s h a l e  of t h e  Mahantango Formation. The s e c t i o n  a l s o  shows t h e  w e s t -  
ward th inn ing  of t h e  Mahantango. 

These s e c t i o n s  and w e l l s  show t h a t  t h e  Harrell Shale i n t e r f i n g e r s  eastward wi th  both t h e  

Also ind ica t ed  are t h e  western l i m i t s  of recognizable  Marcellus Shale  (and l i m i t  of  Mil lboro) .  
The thinning of t h e  s e c t i o n  r e s u l t s  from s t r a t i g r a p h i c  convergence as t h e  Mahantango edge changes 
from s i l t s t o n e  t o  s i l t y  s h a l e  t o  b l ack  sha le .  

Figure 4 ,  from Dennison and Hasson ( i n  p r e s s ) ,  shows t h e  r eg iona l  f a c i e s  r e l a t i o n s h i p s  a long 
Allegheny Front .  
sha l e s .  
t h a t  i n  Figure 3. 

The most obvious emphasis of t h e  s e c t i o n  is  t h e  southwestward th inn ing  of t h e  
Both t h e  Marcellus and Mahantango t h i n  and merge with t h e  Mil lboro,  i n  a manner no t  u n l i k e  
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Southwest of Hopevi l le  Gap, West V i r g i n i a ,  t h e  name Millboro Shale  must b e  app l i ed  t o  t h e  b l ack  
s h a l e s  between t h e  Tioga and Brall ier Formation, because t h e s e  s h a l e s  cannot be divided without t h e  
presence of t h e  in t e rven ing  s i l t y  s h a l e s  of t h e  Mahantango. This  u n i t  t h i n s  t o  t h e  southwest,  not  by 
unconformity but  by s t r a t i g r a p h i c  convergence, as coa r se r  p rode l t a  muds change over t o  f i n e r ,  d i s t a l ,  
deeper water muds. 

The post-Mahantango s t ra ta  ( H a r r e l l  and Burket) are cha rac t e r i zed  by a b l ack ,  eux in ic ,  probably 
deeper water f a c i e s  (Burket) and a gray,  shal lower water f a c i e s  ( H a r r e l l ) .  The deepening occurred i n  
t h e  e a r l y  phase of t h e  Taghanic overlap when t h e  s h o r e l i n e  w a s  s h i f t e d  eastward. This deepening a l s o  
favored l i m e  p r e c i p i t a t i o n  (Tully) l o c a l l y  i n  t h e  s h a l e s  (Hasson and Dennison, 1973).  
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Figure 1: 
Millboro outcrop trace. 

Map of project area showing locations of data points and Harrell- 
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BRALLIER Fm. 
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M A H A N T A N G O  
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GRAY I SH BLACK, PYR 

MARCE L LUS 
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SHALE, GRAYISH BLACK, 

PURCELL Mbr. 
TH I NLY LAM I NATED 

r 4 O o  

HNEEDMORE Sh. 
SHALE, THICKLY LAMINATED, 
OLIVE-WEATHERING 

EGS-41 

Figure 2: 

Virginia. 

( 1966 1. 

Columnar section of the type Millboro Shale at Millboro Springs, 

The section is generalized from the detailed section by Hasson 
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PETROLOGY OF LOWER HURON DEVONIAN SHALE, 
COLUMB IA GAS TRANSM I SS I ON CO WELL #20403 , 

LINCOLN COUNTY, WEST VIRGINIA 

Robert J. Vinopal 
West Virginia Geological and Economic Survey 

PO Box 879 
Morgantown, West Virginia  26505 

Petrographic analyses ind ica te  tha t  the seemingly homogeneous Lower Huron "brown shale" con- 
sists of several  dis t inguishable  un i t s  based upon composition, densi ty ,  and fabr ic .  Organic con- 
s t i t u e n t s  occur a s  s t ruc tured  bodies (spores,  shreddy material, cu t i c l e s )  and as fine-grained 
amorphous matter which commonly coats  grains  and contr ibutes  t o  the  rock matrix. Quartz, i l l i t e ,  
and kao l in i t e  comprise i n  excess of 90 percent of the t o t a l  mineral const i tuents .  Pyri te ,  dolomite, 
and c a l c i t e  are common authigenic  minerals. Bulk dens i t i e s  determined on core samples commonly 
d i f f e r  from values  on the  densi ty  log. Parameters t o  explain these differences remain under inves- 
t iga t ion .  Thin p a r a l l e l  laminae defined by changes i n  composition, texture ,  and color are the most 
abundant primary sedimentary s t ruc tures .  Fabric elements include o r i en ta t ion  of c lay l a t h s ,  s i l t  
lenses ,  and interspersed silt grains  which d is rupt  packing of the  c lay  l a ths .  Increasing amounts of 
s i l t y  lenses  might be expected to  produce increased permeabili ty i n  the  bulk rock, but compaction o r  
authigenic mineral growth may alter t h i s  simple re la t ionship .  

INTRODUCTION 

The Lower Huron Shale member is the  pr inc ipa l  gas producing in t e rva l  of the  Devonian shale se- 

A diamond d r i l l  core from 
quence i n  southwestern West Virginia ,  This basal  member of the Ohio Shale is defined i n  the  sub- 
surface by high API gamma ray values  and aggregate thickness (Figure 1 ) .  
Columbia Gas Transmission Company 120403, located i n  Lincoln County, West Virginia,  served as the  
sample source f o r  t h i s  study (Figure 2 ) .  In  t h i s  w e l l ,  the  Lower Huron is approximately 250 f t .  
th ick,  covering the log in t e rva l  from 3400-3650 f t .  Previous inves t iga tors  of the core  include 
Larese and Heald (1977), who provide i n i t i a l  descr ip t ions  from thin-section microscopy and Bryers 
e t .  a l .  (1976) who provide megascopic descr ipt ions.  Thirty-nine samples were analyzed incorporat- 
ing stero-microscopy, l i g h t  microscopy, x-ray d i f f r ac t ion ,  x-radiography and measurements of bulk 
density on whole rock samples. 

COMPOSITION 

Shale composition w a s  determined by x-ray d i f f rac t ionand thin-section microscopy. 
composition of the subject  i n t e rva l  as determined by r e l a t i v e  x-ray i n t e n s i t i e s  and by thin-section 
point count is shown i n  Table 1. As can be seen i l l i t e ,  quartz and kao l in i t e  comprise i n  excess of 
90% of t o t a l  mineral const i tuents .  Various minerals reported by x-ray such as ch lo r i t e ,  or thoclase,  
and i ron  su l f a t e s  were not  evident i n  th in  sect ion.  Whole rock petrography of shales  based on l i g h t  
microscopy cannot be expected to  be a s  d i n f i n i t i v e  as i n  coarser c l a s t i c ,  but s i l t - s i z e  components 
are iden t i f i ab le  and useful  information on mineral d i s t r ibu t ion  and f ab r i c  elements can be obtained. 

The mean 

Mineral Components 

Clay Thin sect ion determined clay includes a l l  c lay s i z e  components tha t  contr ibute  to  the 
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rock matrix.  These include p h y l l o s i l i c a t e s  ( c h l o r i t e ,  i l l i t e ,  k a o l i n i t e )  and o ther  unresolved 
material such as f i n e  c h e r t ,  quar tz ,  fe ldspar ,  carbonate,  s u l f a t e ,  and organic matter. Also in- 
cluded a r e  c lay  cons t i tuents  l a r g e r  than four  microns. 
i t s  high b i re f r ingence  and appears as o p t i c a l l y  continuous bundles t h a t  are commonly silt s i z e .  

Much of the  c lay  i s  i l l i t e  as indicated by 

Quartz-Feldspar S i l t - s ized  gra ins  of quartz ,  p l a i g i o c l a s e ,  and K-feldspar occur as dissemi- 
nated gra ins  and i n  lenses .  
shows no overgrowths. Some quartz  and fe ldspar  is c lay  s ized  and cannot be resolved i n  t h i n  sec- 
t ion .  
t o  0 . 2  mm i n  length  are coamwn and may represent  e a r l y  concentrat ions of s i l i c a  o r  replacement of 
organic matter o r  the  c lay  matrix.  

Typical ly  t h e  quartz  i s  angular t o  subangular, mono-crystalline and 

This material is included i n  the c l a y  matrix category f o r  l i g h t  microscopy. Chert l e n s e s  up 

Chert  can be seen p a r t i a l l y  replacing spores.  

Sul f ides  P y t i e s  i s  the  major authigenic  s u l f i d e  observed i n  t h i n  sec t ion .  Sphaler i te  w a s  
observed i n  t r a c e  amounts commonly as i r r e g u l a r  masses with some euhedral forms. 
a )  disseminated gra ins  i n  the matr ix ,  b) 
concentrated i n  s p e c i f i c  laminae and c )  as l a r g e  l e n t o i d  masses ( 1  cm i n  width) with laminae bent  
around them. Spec i f ic  forms seen i n  these  occurrences include framboids, r a r e  polyframboids, an- 
hedral  g ra ins  and euhedral cubic and pyr i tohedr ic  forms. 
t o  compaction (Larese and Heald, 1977) i n d i c a t i n g  e a r l y  p y r i t i z a t i o n .  Compacted spores with vary- 
ing amounts of p y r i t e  replacement were noted which along with the euhedral forms would seem t o  in- 
d i c a t e  a t  least  one later period of p y r i t i z a t i o n .  

P y r i t e  occurs as: 
as replacement of coarse  organic material which i s  o f t e n  

Some spores  were replaced by p y r i t e  p r i o r  

Carbonate-Sulfate Dolomite i s  the  p r i n c i p a l  carbonate component and occurs as: a )  anhedral 
t o  euhedral c r y s t a l s  which are disseminated throughout t h e  matrix,  b) 
c )  
ment of organic  matter. C l a c i t e  i s  rare and occurs as anhedral c r y s t a l s .  
a) spore replacements ( b a r i t e ) ,  b) as l e n t o i d  bodies p a r a l l e l  t o  bedding (gypsum) and c )  as 
Bnhedral masses assoc ia ted  with p y r i t e  aggregates (gypsum and anhydri te) .  

as cement i n  silt  lenses ,  
as f ibrous ,  e l l i p t i c a l  bodies with longi tudina l  symmetry which might possibly suggest replace- 

S u l f a t e s  are present  as 

Organic Components 

Organic matter c o n s i s t s  of spores,  c u t i c l e s  ( r a r e )  and shreddy p a r t i c l e s  which a r e  seen t o  have 
a red-orange tone i n  t ransmit ted l i g h t .  
non-metallic l u s t e r  i n  r e f l e c t e d  l i g h t .  Finely 
divided organic  material cont r ibu tes  t o  the  clay matr ix  imparting a red-brownish tone i n  t ransmit ted 
l i g h t .  
be quant i f ied.  

Other organic  mat ter  includes opaque gra ins  with a d u l l ,  
These are i n t e r p r e t e d  a s  l a r g e  v i t r i n i t e  fragments. 

This material cannot be resolved within the limits of l i g h t  microscopy and thus could not  
A s  a matter of p r a c t i c a l i t y ,  only s i l t  s i z e  organic mater ia l s  are counted. 

Analysis 

Although the  l imi ted  number of samples d id  not  reveal any d e f i n i t i v e  v e r t i c a l  trends,  they do 
i n d i c a t e  t h e  range of v a r i a b i l i t y  encountered (Figure 3). I n  a l l  samples, quartz-feldspa'r as deter-  
mined by r e l a t i v e  percentage u n i t s  from uncorrected x-ray da ta  w a s  c o n s i s t e n t l y  higher  than t h e  t h i n  
sec t ion  quartz-feldspar  percentage implying t h a t  c lay-s ize  quartz-feldspar is present  i n  the  Lower 
Huron. 
percentages determined from t h i n  s e c t i o n  poin t  counts. 
expressed i n  r e l a t i v e  percentage u n i t s .  
values ,  but because b e t t e r  q u a n t i f i c a t i o n  by using s tandards o r  known addi t ion  methods was  not done, 
the  values  cannot be taken as absolu te  percentages.  Blatt  (1976) determined t h a t  of t h e  t o t a l  
quartz  i n  the  average sha le ,  118 is clay s i z e .  
l a t i o n s  which relate components t o  one another and with gamma-ray dens i ty  l o g  responses are given i n  
Table 2. Poor c o r r e l a t i o n s  ex i s t  between i l l i t e ,  t h i n  s e c t i o n  quartz ,  x-ray quartz  and the  gamma 
ray log. Apparently, t h e  range of i l l i t e  v a r i a t i o n  and potassium content  is  not  s u f f i c i e n t  t o  
change the  l o g  response. 
sec t ion  and the  gamma ray log.  

Clay-size quartz  was determined by the  d i f fe rence  between x-ray derived quartz  and quartz  
Both x-ray quartz  and clay-sized quartz  are 

These are probably a reasonable approximation of absolu te  

Such quartz  may be d e t r i t a l  o r  diagenet ic .  Corre- 

A probable c o r r e l a t i o n  may e x i s t  between organic matter determined i n  t h i n  

The poor c o r r e l a t i o n  between x-ray quartz  and t h i n  sec t ion  quar tz  ind ica te  t h a t  quartz  i n  t h i n  
sec t ion  cannot be w e l l  quant i f ied  with the  petrographic  microscope i n  fine-grained mater ia l s .  
the  t h i n  sec t ion  da ta  is prec ise  ( reproducible) ,  i t  is, however, not  considered accura te  with res- 
pect t o  t o t a l  quartz .  Suspended sediments from some recent  lakes  revea l  over 40% quartz  as quanti-  
f i e d  by known addi t ion  methods using x-ray d i f f r a c t i o n ,  y e t  none of the  quartz  is i d e n t i f i a b l e  under 
the petrographic microscope (E. B. Nuhfer, 1977, personal comm.). The low birefr ingence of quartz  
simply renders  it black i n  t ransmit ted l i g h t  a t  such s m a l l ' p a r t i c l e  s i z e s  and thus i t  is  not  seen 
under crossed n i c o l s .  Higher b i r e f r i n g e n t  minerals  ( c a l c i t e ,  dolomite, i l l i te-muscovi te)  more 
v i s i b l e  under crossed n i c o l s ,  are a b l e  t o  t ransmit  l i g h t  and thus p a r t i c l e  s i z e  is a less r e s t r i c t -  

While 

. 
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ing f a c t o r  i n  quan t i fy ing  these  materials. 

3 

Fabr i c  Elements 

Within t h e  samples s tud ied ,  f a b r i c  elements i nc lude  g r a i n  s i z e ,  shape, s o r t i n g ,  o r i e n t a t i o n ,  and 
From l a r g e r  f e a t u r e s  def ined by these  b a s i c  e lements ,  

observat ions of s l a b s  a t  l o x  under the  b inocu la r  microscope, t h e  Lower Huron i s  seen t o  con ta in  two 
d i s t i n c t  bedding u n i t s :  1) l i g h t  gray s h a l e  (5GY6/1, 5GY4/1, N5) and da rk  gray-black shale (Nl, 
N2, N3). Color terminology is  based on Geological Soc ie ty  of A m e r i c a  Rock Color Chart .  
comprise the  bulk of t h e  i n t e r v a l ,  b u t  no q u a n t i f i c a t i o n  of t h e  amounts of l i g h t  and dark s h a l e  w a s  
made. 
2 meters. The da rk  s h a l e s  are t y p i c a l l y  f i n e l y  laminated (Fig.  4 ) ,  b u t  a l s o  r a r e l y  laminat ions 
are l ack ing  (Fig. 5 ) .  

The l a r g e s t  scale f a b r i c  element i s  bedding. 

Dark s h a l e s  

Only h o r i z o n t a l  p a r a l l e l  bedding w a s  observed. Beds ranged i n  th i ckness  from 1 c m  t o  over 

Laminations are def ined by varying amounts of o rgan ic  matter, c l ay ,  and s i l t .  Two r e a d i l y  
v i s i b l e  types of laminae are p resen t  i n  t h e  dark s h a l e s  (Fig.  6 ) .  The f i r s t  type con ta ins  abundant 
s i l t  g r a i n s  and coa r se  o rgan ic s  i n  a ma t r ix  of c l a y  and f i n e  organic  material. The second type 
con ta ins  less s i l t  and coarse o rgan ic s  and the  ma t r ix  i s  commonly l i g h t e r  i n  co lo r .  
tween t h e  laminae are f a i r l y  sharp.  Such laminat ions are t h e  most abundant primary sedimentary 
s t r u c t u r e s .  Laminations and o t h e r  megascopic f e a t u r e s  are r e a d i l y  v i s i b l e  i n  radiographs (Fig.  7) .  
The laminae are def ined by varying r ad iog raph ic  d e n s i t y  with da rke r  tones being more opaque t o  
x-rays. I n t e r p r e t a t i o n  of t h e  tones i s  d i f f i c u l t  as they r e f l e c t  s u b t l e  mineralogical ,  chemical,  
and t e x t u r a l  d i f f e r e n c e s .  

Contacts  be- 

Smaller f a b r i c  elements w i t h i n  laminae include d i spe r sed  s i l t ,  s i l t  l e n s e s  and c l a y  o r i e n t a t i o n .  
Most s i l t  is  d i spe r sed ,  bu t  s i l t  l e n s e s  are common i n  s p e c i f i c  samples (Fig.  8 ) .  I t  is  p o s s i b l e  
t h a t  such d i spe r sed  g r a i n s  might d i s r u p t  t he  packing of c l a y  l a t h s a n d  thus a f f e c t  po ros i ty .  
l e n s e s  are commonly .15-.35 mm wide and perhaps r ep resen t  s t a rved  r i p p l e s .  
con ta in  dolomite cement and c l a y s  squeezed between s i l t  g r a i n s  which may reduce permeabi l i ty  (Fig.  
9 ) .  
mum o r  minimum apparent  c l a y  b i r e f r ingence .  
t i o n s  of e x t i n c t i o n  and i l l umina t ion  p a r a l l e l  t o  bedding (Fig.  1 0 ) .  

S i l t  
Many l e n s e s  were seen t o  

An i n d i c a t i o n  of c l a y  mineral  o r i e n t a t i o n  can be made i n  t h i n  s e c t i o n  by observing t h e  maxi- 
I n  the  dark s h a l e s ,  t he  c l a y  ma t r ix  shows d i s t i n c t  post-  

The l i g h t  gray-green s h a l e  beds comprise a minori ty  of t he  Lower Huron. They have a massive 
appearance and show no megascopic laminat ions.  
f i n e r ,  but  t e x t u r a l  parameters have n o t  been q u a n t i f i e d  (Fig.  1 1 ) .  Some coa r se  o rgan ic s ,  t y p i c a l l y ,  
dark-shreddy material with occas iona l  spo res  occur p a r a l l e l  t o  bedding. These have f r equen t ly  been 
p a r t i a l l y  p y r i t i z e d .  Equant p y r i t e  bodies  are common. Many of t he  l i g h t  s h a l e s  are burrowed which 
may account f o r  l a c k  of laminat ions i n  those samples. 
are sharp (Fig.  12,  13) o r  show burrowing a t  the  base of the l i g h t  zones (Fig.  1 4 ) .  

S i l t  l e n s e s  are rare, and g r a i n  s i z e  appears  t o  be 

Contacts  between t h e  da rk  and l i g h t  s h a l e s  

Bulk Density 

Bulk d e n s i t i e s  of coated core samples approximately twenty-five t o  t h i r t y  grams i n  weight w e r e  
measured. The measured bulk d e n s i t i e s  commonly d i f f e r  from t h e  d e n s i t y  l o g  value.  Parameters t o  
exp la in  t h e s e  d i f f e r e n c e s  remain under i n v e s t i g a t i o n .  
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Figure 1. Stratigraphic subdivisions of the Devonian shale interval 
a s  interpreted from the CGTC /I20403 core. Lower Huron i s  
defined from 3400 to  3650 f e e t  using USGS cr i ter ia .  
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CGTC No. 20403 Well 
(Linc.  1637) 

L I NCOLN COUNTY 

EGS-42 

Figure 2 .  Index map of West Virginia showing location of  cored w e l l  
(CGTC 620403) ut i l i zed  i n  th i s  study. 
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I l l i t e  
Quartz 
Kao l in i t e  
P y r i t e  
P l a i g i o c l a s e  
Dolomite 
14'A 
CaS04 .%H20 
S i d e r i t e  
Gyp sum 
Orthoclase 
Calcite 
Fe2 (Soh) 3 * 9H2) 

"Clay" 
Quart z-Feld spar  
Su l f ide  
Carbonate-Sulfate 
Organic 

Mean 

45.19 
36.71 
8.54 
3.15 
1.47 
.82 
.75 
.44 
* 43 
.28 
.20 
.15 
.13 

65.36 
19.67 
5.46 
2.05 
7.08 

X-Ray Re la t ive  Percentages 

Maximum 

56.21 
60.99 
22.16 
6.47 
3.28 
3.25 
3.82 
2.20 
.91 

1.09 
2.01 
.87 

1.09 

Thin Sect ion Composition 

76.33 
23.67 
8.33 
3.67 
14.00 

Minimum 

29.42 
21.68 

.61 

.41 

.33 
0 
0 
0 
0 
0 
0 
0 
0 

54.00 
12.00 
1.67 
0 
.33 

Table 1. Compositional parameters of t he  Lower Huron is  determined by x-ray 
d i f f r a c t i o n  and t h i n  s e c t i o n  po in t  counts.  
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Figure 3. Geophysical and compositional characteristics of the Lower 
Huron. 
Core depths are corrected to corresponding geophysical log. 

Compositional data are based on thin section analyses. 
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10 Petrology of Lower Huron Devonian Shale EGS -4 2 

Figure 4. Variat ions of laminae i n  organic-rich shale .  Light Lamina (L) 
contains  l i t t l e  silt and organic matter. 
(I) contains some organic matter and s i l t .  S i l t  lenses  (S) 
are present  i n  lower dark lamina. 
P u n  1-t. 3478.3' depth. 

Overlying lamina 

Magnification 26.5 x. 

5. - ic . 
Coarse organic material (&rraw) p a r a l l e l  t o  bedding and c lay  
or ien ta t ion  a re  pr inc ipa l  l i nea r  fea tures .  
radiograph of t h i s  s lab.  Magnification 26.5 x. Pla in  
l i g h t .  3618' depth. 

Figure 13 shows 

6 5  1 



EGS-42 Robert J. Vinopal 11 

Figure 6. Common laminae types i n  organic-rich sha le .  Lighter  lamina 
(L) conta ins  less organic  matter and s i l t  than enclosing 
darker  laminae (D).  Such laminae a r e  common i n  t h e  Lower 
Huron, but  v a r i a t i o n s  i n  composition e x i s t .  Magnification 
133 x. Pla in  l i g h t  3478.3'  depth.  
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12 P e t r o l o g y  of Lower i h r o n  Devonian Shale EGS-42 

Figure 7 .  Radiograph of t y p i c a l  da rk  organic-r ich s h a l e  from Lower 
Huron. 
(N2) laminae and 30% medium da rk  gray laminae (N4). Note 
unbroken na tu re  of laminae showing l a c k  of burrowing fauna. 
Many laminae (D) pinch and s w e l l  and are discont inuous.  
Micro c r o s s  laminat ion (A) i n d i c a t e s  c u r r e n t  a c t i v i t y .  A 
5mm band of l i g h t  c l a y  ( N 4 )  con ta ins  l a r g e  p y r i t i c  fram- 
boids  (dark equant bodies -F). I n t e n s e  p y r i t i z a t i o n  i n  
laminae i s  shown a t  P by t h e  t h i n  b l ack  band. Organic- 
r i c h  laminae commonly appear as da rke r  t ones  due t o  writ- 
i z a t i o n ,  bu t  exact i n t e r p r e t a t i o n  of f i n e r  laminae i s  
d i f f i c u l t .  1 x. 3411' depth.  

The s l a b  c o n s i s t s  of approximately 70% gray i sh  black 
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Figure 8. Silt occurrences in dark shale. Most silt is dispersed (D). 
Silt lens (S) may increase rock permeability if not cemented. 
Magnification 26.5 x. Plain light. 3478.3’ depth. 
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14 Petrology of Lower Huron Devonian Shale EGS-42 

Figure 9. S i l t y  lens in dark shale. Dolomite cement @) and authigenic 
pyrite (P) may decrease porosity and permeability of lens.  
Magnification 133 x. Polarized l i g h t .  3400' depth. 

Figure 10 Preferred orientation of c lay  laths.  Stage is  rotated 45'' 
to bedding. Magnification 285 x. Polarized l ight .  3504' depth. 
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Figure 11. Light colored shale from Lower Huron. Note coarse organic 
matter (0) aligned p a r a l l e l  t o  bedding. Large pyr i t e  
aggregates (P) are replacing c lay  matrix. Magnification 
26.5 x. Plain l i g h t .  3472.3' depth. 

Figure 12. Contact between l i g h t  and dark shale beds. Note sharp 
contact (C) and pyrite  (P) i n  l i g h t  shale .  See f igure 
13 for radiograph of s lab.  
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16 Petrology of Lower Huron Devonian Shale EGS-42 

Figure 13. Radiograph of l i g h t  (5Y4/1) and da rk  (N2) organic-r ich 
sha le  showing sharp con tac t  between bedding types.  Light  
s h a l e  (L) shows evidence of b i o t u r b a t i o n  and l a c k s  megascopic 
d i r e c t i o n a l  f a b r i c  elements.  Note p y r i t e  (darkest  tone 
p a r t i c l e s )  whose d i s t r i b u t i o n  appears  t o  b e  c o n t r o l l e d  by 
burrows, Contact with da rk  s h a l e  (D) is sharp and undulatory 
The da rk  s h a l e  possesses  poorly developed laminat ion i n  
c o n t r a s t  t o  sample 3411 ( f i g .  7 ) .  Lens shaped areas of 
en tens ive  p y r i t i z a t i o n  i n  da rk  s h a l e  are shown a t  (P). 
1 x. 3618' depth. 
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Figure 14. Radiograph of th in  interbeds of l i g h t  (5Y4/1) sha le  
(white v e r t i c a l  bars)  i n  dark (N-2) shale.  The l i g h t  shale  
zones are burrowed (B) .  Commonly the  top of t he  l i g h t  colored 
beds a r e  smooth which i s  i n  cont ras t  t o  t h e  burrowed base. 
I so la ted  p y r i t e  bodies occur a t  (F) with l e n t i c u l a r  aggregates 
of py r i t e  prevalent i n  burrowed horizons. 
shale  zones are f ine ly  laminated and the  laminae are commonly 
discontinuous. Lensoid aggregates of p y r i t e  (P) and 
quartz lenses  (Q)  are common fab r i c  elements. 1 x. 3510' 
depth. 

Dark organic 
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PROCEDURES FOR THE CHARACTERIZATION 
OF DEVONIAN SHALES 

W .  E .  B r o w n e l l  
Alfred Universi ty  

New York S ta t e  College of Ceramics 
Alfred, New York 14802 

ABSTRACT 

Elemental, mineralogical ,  and phys ica l  c h a r a c t e r i z a t i o n  o f  Devonian e a s t e r n  gas s h a l e s  is  being 
done a t  Alfred Universi ty .  
been developed, e s p e c i a l l y  i n  t h e  area of mine ra log ica l  a n a l y s i s .  
mined q u a n t i t a t i v e l y  using convent ional  chemical procedures,  s p e c i f i c  i o n  e l e c t r o d e  technique, atomic 
abso rp t ion ,  and Leco gas  analyzers .  
f o r  q u a l i t a t i v e  a n a l y s i s  and q u a n t i t a t i v e  determinat ions of t h e  major mine ra l s  p r e s e n t  i n  t h e  s h a l e s .  
X-ray d i f f r a c t i o n  i s  a l s o  being used. f o r  measuring t h e  p r e f e r r e d  o r i e n t a t i o n  of t h e  d i s i l i c a t e  min- 
erals with r e s p e c t  t o  t h e  c o r e  axis. 
q u a r t z  g r a i n s  are being measured by o p t i c a l  microscopy. A s p e c i a l  d i saggrega t ion  and mounting tech- 
nique has  been developed f o r  t h e  determinat ion of t h e  q u a r t z  p a r t i c l e - s i z e  d i s t r i b u t i o n s .  
c h a r a c t e r i z a t i o n  is being done by measuring dens i ty ,  pore-s ize  d i s t r i b u t i o n ,  son ic  v e l o c i t y ,  d i r e c t -  
i o n a l  t e n s i l e  s t r e n g t h ,  p o i n t  load s t r e n g t h  with f r a c t u r e  p a t t e r n s  noted, and a i r  permeabi l i ty .  
s p e c i a l  apparatus  and technique has  been developed f o r  t h e  pe rmeab i l i t y  measurements. 

I n  o rde r  t o  o b t a i n  t h e  b e s t  da t a  p o s s i b l e ,  s e v e r a l  new procedures have 
Forty-one elements are being de te r -  

A computerized X-ray d i f f r a c t i o n  procedure has  been developed 

Trace minerals  are being i d e n t i f i e d  and t h e  s i z e s  of t h e  

Phys ica l  

A 

A. SCOPE OF CHARACTERIZATION 

This  c o n t r a c t  is involved wi th  elemental ,  mineralogical ,  and phys ica l  c h a r a c t e r i z a t i o n  of t h e  
Devonian e a s t e r n  gas  sha le s .  Forty elements are being determined and, i n  a d d i t i o n ,  t h e  s u l f u r  
is  being determined as s u l f i d e  and su l f a t e , and  carbon i s  being determined as o rgan ic  carbon and 
carbonate  carbon. 
q u a r t z  p a r t i c l e - s i z e  d i s t r i b u t i o n  i s  being measured, and t h e  ang le  and d i r e c t i o n  o f  t h e  p re fe r r ed  
o r i e n t a t i o n  of d i s i l i c a t e  minerals  is  being measured wi th  r e fe rence  t o  t h e  c o r e  a x i s .  
techniques have been developed f o r  t h e  q u a n t i t a t i v e  mine ra log ica l  ana lyses ,  q u a r t z  p a r t i c l e - s i z e  
d i s t r i b u t i o n ,  and t h e  measurement of p r e f e r r e d  o r i e n t a t i o n .  Phys ica l  tests are being performed 
f o r  s o n i c  v e l o c i t y ,  hardness,  dens i ty ,  p o i n t  load s t r e n g t h ,  d i r e c t i o n a l  t e n s i l e  s t r e n g t h ,  pore- 
s i z e  d i s t r i b u t i o n ,  and a i r  permeabi l i ty .  S p e c i a l  equipment and procedures have been worked o u t  
f o r  measuring t h e  a i r  permeabi l i ty .  
a t  t h e  Morgantown Energy Research Center. 

Q u a l i t a t i v e  and q u a n t i t a t i v e  mineralogical  ana lyses  are being made. The 

S p e c i a l  

The s o n i c  v e l o c i t y  apparatus  w a s  b u i l t  similar t o  t h a t  used 

B. ELEMENTAL ANALYSES 

A list of t h e  elements being determined toge the r  with an i n d i c a t i o n  of t h e  methods being used is  
g iven  i n  Table  1. 
flow diagram t h a t  shows t h e  techniques used i s  p resen ted  as Figure 1. Boron i s  being determined 
c o l o r i m e t r i c a l l y  by means o f  a curcumin complex. 

The major elements are being done by r a t h e r  convent ional  s i l i ca te  ana lys i s .  A 

The sample decomposition procedure f o r  t h e  determinat ion of  h a l i d e s  by t h e  s p e c i f i c  i o n  e l e c t r o d e  
method is t o  f lux  a 2-gram sample wi th  sodium carbonate  and z inc  oxide. 
i n  ha l ide - f r ee  water and t h e  r e s i d u e  discarded. Concentrated n i t r i c  a c i d  is  then  used t o  expel  

The f u s i o n  i s  d i s so lved  
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2 PROCEDURES FOR THE CHARACTERIZATION OF DEVONIAN SHALES EGS-43 

t h e  carbonates ,  and t h e  u s e f u l  s o l u t i o n  is  d i l u t e d  to a 50 m l .  volume. 

Three decomposition procedures are used i n  p repa ra t ion  f o r  ana lyses  by t h e  atomic abso rp t ion  
spectrographs.  Samples of s h a l e  f o r  t h e  determinat ion of Se ,  A s ,  Sb, T e ,  T 1 ,  G a ,  G e ,  and Sn are 
t r e a t e d  wi th  warm concentrated n i t r i c  a c i d  t o  o x i d i z e  and remove hydrocarbons. (It has been 
found unnecessary t o  remove l i g n i t i c  o r  pure carbon.) 
t h i s  way, t h e  sample is decomposed by t reatment  w i th  HF, drying,  and d i s so lv ing  t h e  r e s i d u e  i n  
HC1. A p o r t i o n  of t h i s  s o l u t i o n  is  used d i r e c t l y  f o r  t h e  determinat ion of t ha l l i um ( T I ) ,  and 
t h e  rest  is  used i n  a hydride generator  f o r  t he  in t roduc t ion  of gaseous hydrides  of Se ,  A s ,  Sb, 
Te, G e ,  and Sn i n t o  t h e  spectrograph. The second procedure i s  used f o r  t h e  determinat ion of 
mercury. 
s u l f u r i c  a c i d  followed by a t reatment  with a 50% H202 so lu t ion .  
t o  t h e  suspension and t h e  mercury is  reduced to  t h e  m e t a l l i c  s t a t e  by adding a z inc  s u l f a t e  
so lu t ion .  
through a quartz-glass  c e l l  on t h e  atomic abso rp t ion  spectrograph. 
mined by atomic abso rp t ion ,  carbonaceous matter i s  removed from a sample by i g n i t i o n  (ashing) t o  
1000°C i n  a muff le  furnace.  The sample is then pu t  i n t o  s o l u t i o n  by t reatment  w i th  n i t r i c  a c i d ,  
hydro f luo r i c  a c i d ,  and p e r c h l o r i c  ac id ,  d r i e d ,  and t h e  r e s i d u e  d i s so lved  i n  d i l u t e  hydrochlor ic  
acid.  

Af t e r  t h e  ox ida t ion  of organic  matter i n  

I n  t h i s  procedure, t h e  carbonaceous matter is  removed by t reatment  w i th  concentrated 
A f t e r  ox ida t ion ,  %04 is  added 

From t h i s  p o i n t ,  t h e  cold vapor technique is  used where t h e  mercury vapor is conducted 
For a l l  o t h e r  elements de t e r -  

This  s o l u t i o n  is then ready f o r  t h e  atomic abso rp t ion  measurements. 

C. MINERALOGICAL ANALYSES 

The d e t e c t i o n  of montmori l loni te  c l a y  i n  t h e  Devonian b l ack  s h a l e s  is  being done by a s p e c i a l  
technique f o r  X-ray d i f f r a c t i o n .  
from a pulver ized sample with 15% H202. 
phosphate and slowly concentrated by evaporat ion t o  form an  o r i e n t e d  c l a y  f i lm.  
removed and mounted on a g l a s s  microscope s l i d e .  
r e f l e c t i o n  is examined by X-ray d i f f r a c t i o n ;  then t h e  sample is  t r e a t e d  with e thy lene  g lyco l  and 
regxamined by Xzray d i f f r a c t i o n .  
1% t o  about  17A as a r e s u l t  of t h e  g lyco l  t reatment  e s t a b l i s h e s  t h e  presence of montmoril lonite.  

The d e t e c t i o n  of k a o l i n i t e  i n  t h e  presence of c h l o r i t e ,  as might occur i n  t h e  Devonian b l ack  
s h a l e s ,  p re sen t s  a s p e c i a l  problem. A procedure has  been developed f o r  t h i s  purpose [l]. It 
involves  t h e  product ion of a kaolinite-dimethylsulfoxide (DMSO) complex. I n  t h i s  procedure,  8 .5  
grams of f i n e l y  ground s h a l e  is  wetted thoroughly wi th  DMSO l i q u i d .  
is  used f o r  t h i s  purpose, and t h e  mixture i s  r e f luxed  on a h o t  p l a t e  a t  medium h e a t  f o r  4 hours.  
A f t e r  cool ing t h e  excess DMSO i s  removed by vacuum f i l t e r i n g  on a s i n t e r e d  g l a s s  c r u c i b l e .  
r e s u l t i n g  s t i c k y  mass i s  packed i n t o  t h e  sample holder  f o r  t h e  X-ray d i f f r a c t i o n  spectrometer .  

T k e  DMSO t r e a t e d  sample is  examined by X-ray d z f f r a c t i o n  f o r  r e f l e c t i o n s  i n  theo reg ion  of 16A t o  
4A. 
remains unaffected by t h e  DMSO; s o ,  i f  a f t e r  t reatment  p a r t  of t h e  7A r e f l e c t i o n  appears  a t  1 1 A ,  
k a o l i n i t e  is present .  It  has  been found t h a t  t he  d e t e c t i o n  l i m i t  f o r  k a o l i n i t e  is  about 2% which 
i s  about as good as t h e  d e t e c t i o n  l i m i t  f o r  most c r y s t a l s  by X-ray d i f f r a c t i o n .  

This procedure starts wi th  t h e  removal of carbonaceous material 
The mater ia l  is  then de f loccu la t ed  wi th  sodium hexameta- 

The f i l m  i s  
A f t e r  drying i n  ambient cond i t ions ,  t h e  (001) 

The extension of t h e  (001) l a t t i c e  spacing from about 11 o r  

A 100 m l .  d i s t i l l a t i o n  f l a s k  

The 

0 

I f  k a o l i n i t e  is  p resen t ,  most of t h e  7.1% r e f l e c t i o n  is  expandgd t o  11 .18A.  The c h l o r i t g  

The q u a n t i t a t i v e  mine ra log ica l  ana lyses  of t h e  major minerals  p re sen t  i n  t h e  s h a l e s  is  being done 
by X-ray d i f f r a c t i o n .  I n  o rde r  t o  avoid p re fe r r ed  o r i e n t a t i o n  of t h e  minerals ,  spray drying is  
being used t o  prepare t h e  samples and s tandards f o r  X-ray d i f f r a c t i o n  measurements. Spray drying 
of f i n e l y  pulver ized materials c r e a t e s  hard,  hollow spheres  about 30 microns i n  diameter as shown 
i n  Figures  2 and 3 .  The spheres  are  aggregates  of mineral  p a r t i c l e s  and, i f  c leavage i s  p resen t ,  
t h e  mineral  p a r t i c l e s  are  l o c a t e d  a t  a l l  p o s s i b l e  o r i e n t a t i o n s  around t h e  spheres.  
w a s  thought t h a t  t h i s  technique was  only necessary f o r  t h e  mica-like d i s i l i c a t e  minerals ,  b u t  
experiments have now shown t h a t  even f e l d s p a r s  must be spray d r i e d  t o  avoid p r e f e r r e d  o r i e n t a t i o n  
w i t h i n  t h e  sample. 

A t  f i r s t ,  i t  

The q u a l i t a t i v e  and q u a n t i t a t i v e  X-ray ana lyses  f o r  minerals  is  being done by computer c o n t r o l  of 
t h e  X-ray d i f f r ac tomete r ,  d i r e c t  i n p u t  of i n t e n s i t i e s  and angles  i n t o  t h e  computer, and computer 
c a l c u l a t i o n  of t h e  des i r ed  r e s u l t s .  Figure 4 gives  a flow diagram of t h e  computer c o n t r o l l e d  
X-ray d i f f r ac tomete r  ana lys i s .  
f o r  t h e  q u a n t i t a t i v e  a n a l y s i s  i s  on t h e  r i g h t .  I n  the  c e n t e r  of t h e  diagram, t h e  procedure f o r  
handling t h e  unknown sample o f  Devonian s h a l e  i s  given. With t h e  computer charged with t h e  pro- 
gram and r e l e v a n t  d a t a  i n  s t o r a g e ,  a l l  of t h e  analyses  are made on one prepared sample of s h a l e .  
A l l  major minerals ,  c e r t a i n l y  those p re sen t  i n  g r e a t e r  amounts than 4 % ,  w i l l  be  determined quan- 
t i t a t i v e l y .  The o t h e r  minerals  t h a t  show on t h e  X-ray d i f f r a c t i o n  p a t t e r n  bu t  have i n t e n s i t i e s  
too low to  b e  r e l i a b l e  f o r  q u a n t i t a t i v e  measurement are being r epor t ed  q u a l i t a t i v e l y .  

The scheme f o r  q u a l i t a t i v e  a n a l y s i s  i s  on t h e  l e f t  and t h e  scheme 
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I n  o rde r  t o  measure t h e  angle  of p r e f e r r e d  o r i e n t a t i o n  r e l a t i v e  t o  t h e  core  a x i s ,  a 3 mm c o r e  is  
being c u t  p a r a l l e l  t o  t h e  co re  a x i s .  This  specimen is, then, i n  t h e  form of a small cy l inde r  
w i th  t h e  no r th  d i r e c t i o n  s t i l l  i d e n t i f i e d  on it .  This specimen is  mounted on a goniometer 
a t t ached  t o  a n  X-ray d i f f r ac tomete r .  
meter ad jus t ed  u n t i l  t h e  maximum i n t e n s i t y  i s  obtained. When t h i s  i s  achieved, t h e  i n c l i n a t i o n  
and d i r e c t i o n  is  read d i r e c t l y  o f f  t h e  goniometer. The d a t a  are being r epor t ed  as t h e  number 
of degrees  i n c l i n a t i o n  i n  a compass d i r e c t i o n  expressed i n  degrees  from North through East. 

O p t i c a l  microscopy i s  being used, a f t e r  sample d i s i n t e g r a t i o n  wi th  a Po ly t ron  and d e n s i t y  separ- 
a t i o n  using a l i n e a r  d e n s i t y  g r a d i e n t  column, t o  i d e n t i f y  as many trace minerals  as poss ib l e .  
These mine ra l s  are providing an  explanat ion f o r  t h e  f i n d i n g s  of t h e  trace element ana lyses  and 
f o r  t h e  geochemical cond i t ions  e x i s t i n g  i n  t h e  s h a l e  environment. 

The ang le  f o r  a b a s a l  spacing peak i s  set and t h e  gonio- 

The procedure developed f o r  measuring t h e  q u a r t z  p a r t i c l e - s i z e  d i s t r i b u t i o n  employs a unique 
method of mounting t h e  g ra ins .  The sample i s  f i r s t  crushed t o  pass  a 100 mesh s i eve ;  then t h e  
carbonaceous material is  removed by t reatment  with 15% H202. 
p l e ,  i t  is  disaggregated with a s o l u t i o n  of 3 p a r t s  f l u o s i l i c i c  ac id  (H2SiF6) and 2 p a r t s  of 
concentrated s u l f u r i c  a c i d  (H2SO4). 
minerals ,  t h e  r e s i d u e  con ta in ing  qua r t z  g r a i n s  is  washed and d r i ed .  A microscope s l i d e  and a 
cover g l a s s  are coated wi th  an  elastomeric  s i l i c o n e  r e s i n  (Sylgard 182).  The above r e s i d u e  is  
mixed with a warm m e l t  of 60% camphor and 40% napthalene t o  d i s p e r s e  t h e  i n d i v i d u a l  g r a i n s ,  and 
the  suspension is allowed t o  s o l i d i f y  by cooling. The s o l i d  suspension of qua r t z  p a r t i c l e s  i n  
camphor-napthalene is placed on t h e  coated s l i d e  and t h e  camphor-napthalene v e h i c l e  is  removed 
by vacuum sublimation. 
s i d e  down. The assembly is  sea l ed  toge the r  i n  a vacuum oven l eav ing  t h e  c e n t e r  of each g ra in ,  
r e g a r d l e s s  of s i z e ,  i n  t h e  same plane f o r  easy focus wi th  a microscope. Mart in’s  diameters  of 
a l a r g e  number of g r a i n s  are measured microscopical ly .  
qua r t z  g r a i n s  are mean, median, mode, 1st q u a r t i l e  and 3rd q u a r t i l e .  A l l  of t hese  d a t a  are 
c a l c u l a t e d  wi th  r e s p e c t  t o  volume. 

Af t e r  washing and drying t h e  s a m -  

A f t e r  d i saggrega t ion  and p a r t i a l  s o l u t i o n  of undes i r ab le  

Now t h e  coated cover g l a s s  is  placed over t h e  g r a i n s  wi th  i t s  coated 

The d a t a  on t h e  s i z e  d i s t r i b u t i o n  of 

D. PHYSICAL TESTS 

Density measurements are being made by t h e  method of suspension i n  l i g h t  oil . .  
t h a t  c o n s i s t e n t  d r y  weights can be obtained on t h e  s h a l e  p i eces  only a f t e r  drying i n  an  oven a t  
100°C f o r  about 7 days. 

W e  have determined 

Pore-size d i s t r i b u t i o n  i s  being measured by a mercury i n t r u s i o n  porosimeter,  and i t  has  been 
found t h a t  t h e  complete d i s t r i b u t i o n  of pores i n  t h e  s h a l e s  t e s t e d  so f a r  cannot be obtained by 
t h i s  method. Unless t h e  method is changed t o  gas adso rp t ion  o r  some samples have a l a r g e r  open- 
po re  s t r u c t u r e ,  t h e  mean, mode, median, s tandard dev ia t ion ,  1st q u a r t i l e ,  and 3rd q u a r t i l e  w i l l  
no t  be a v a i l a b l e .  
f o r  a l l  open pores g r e a t e r  than 1.00 micron and g r e a t e r  than 0.02 micron. The d i s t r i b u t i o n  
curves are a l s o  being submitted i n  w r i t t e n  r epor t s .  

I n  l i e u  of t hese  da t a ,  t h e  t o t a l  s p e c i f i c  pore volumes are being t abu la t ed  

The s o n i c  v e l o c i t y  measurements are being made on a n  apparatus  similar t o  that a t  t h e  Morgantown 
Energy Research Center. A pneumatic p re s su re  system has been designed t o  hold t h e  t ransducers  
t i g h t l y  a g a i n s t  t h e  c o r e  specimen. The s i g n a l  t ransducer  is  being d r iven  by 1600 v o l t s ,  and t h e  
response ou tpu t  is being amplif ied.  

D i rec t iona l  t e n s i l e  s t r e n g t h s  and point-load s t r e n g t h s  are being made i n  t h e  usua l  manner. 
Sketches are being made of t h e  f r a c t u r e  p a t t e r n s  obtained i n  t h e  point-load test. 

An apparatus  has  been designed t o  measure a i r  permeabi l i ty  of one-inch diameter ,  subcored speci-  
mens. Measurements are being made both perpendicular  and p a r a l l e l  t o  t h e  co re  a x i s ,  and t h e  re- 
s u l t s  c a l c u l a t e d  i n  m i l l i d a r c i e s .  A s  s h o w  
i n  F igu re  5, a schematic drawing of t h e  apparatus ,  t h e  specimen i s  placed i n  a gasketed ce l l ,  
and 60 pounds of a i r  p re s su re  app l i ed  t o  one s ide .  The flow of a i r  through t h e  specimen is 
c o l l e c t e d  i n  a vo lumet r i ca l ly  c a l i b r a t e d  tube. I n  t h e  c a l c u l a t i o n  of t h e  r e s u l t s ,  a c o r r e c t i o n  
is app l i ed  f o r  t h e  backpressure c rea t ed  by t h e  c o l l e c t i o n  l i q u i d .  
obtained w i t h i n  one ha l f  t o  one hour’s t i m e  i n  t h e  test .  

The thickness  of t h e  specimen is  about 318 inch. 

S a t i s f a c t o r y  r e s u l t s  are  being 
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4 PROCEDURES FOR THE CHARACTERIZATION OF DEVONIAN SHALES EGS-43  

TABLE 1 Elements Determined (ppm) 

Element Procedure Element Procedure 

Silicon 

Aluminum 

Iron 

Magnesium 

Calcium 

Lithium 

Sodium 

Potassium 

Titanium 

Phosphorus 

Boron 

Fluorine 

Chlorine 

Bromine 

Selenium 

Arsenic 

Germanium 

Tellurium 

Antimony 

Thallium 

gravimetric 

gravimetric 

titration 

gravimet ric 

gravime tric 

flame photometry 

flame photometry 

flame photometry 

colorimetric 

colorimetric 

colorimetric 

specific ion electrode 

specific ion electrode 

specific ion electrode 

atomic absorption 

atomic absorption 

atomic absorption 

atomic absorption 

atomic absorption 

atomic absorption 

Tin 

Mercury 

Rubidium 

Zinc 

Copper 

Nickel 

Cobalt 

Manganese 

Chromium 

Vanadium 

Beryllium 

Gallium 

Lead 

Barium 

Cadmium 

Silver 

Molybdenum 

Strontium 

Sulfur 

Carbon 

Nitrogen 

atomic absorption 

atomic absorption 

atomic absorption 

atomic absorption 

atomic absorption 

atomic absorption 

atomic absorption 

atomic absorption 

atomic absorption 

atomic absorption 

atomic absorption 

atomic absorption 

atomic absorption 

atomic absorption 

atomic absorption 

atomic absorption 

atomic absorption 

atomic absorption 

Leco + gravimetric 

Leco + gravimetric 

Leco 
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6 PROZEDURES FOR THE CHARACTERIZATION OF DEVONIAN SHALES EGS-43 

FIGURE 2 Spray dried aggregates of pure illite 
(SEM a t  640X). 

FIGURE 3 Spray dried aggregates of Chittenango 
shale (SEM a t  640X). 
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FIGURE 4 

Scheme for  Mineralegical Analysis by X-ray Diffraction 
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8 PROCEDURES FOR THE CHARACTERIZATION OF DEVONIAN SHALES 

II 

EGS-43 
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EGS -44 

A REPORT ON VARIATIONS OF STIMULATION 
TREATMENTS ON THE ERDA SHALE PROJECTS 

J. L. Norton, Regional Engineer 
Dowel1 Div i s ion  of t h e  Dow Chemical Company 

ABSTRACT 

Th i s  d i scuss ion  covers  e leven  "11" t rea tment  on t h e  Shale  and t h e i r  v a r i a t i o n s  i n  t h e  Appalachian 
Basin. 
a d d i t i v e s  have been changed t o  improve Rheyology p r o p e r t i e s  of t h e  f l u i d s ,  w i th  t h e  i n t r o d u c t i o n  of 
80/100 sand t o  improve f r a c t u r e  p e n e t r a t i o n .  

The b a s i c  t r e a t i n g  f l u i d s  have been g e l l e d  water, foam and combinations of t h e s e  two. The 

The l a b o r a t o r y  d a t a  p re sen ted  d e s c r i b e s  t h e  p h y s i c a l  & chemical composition of t h e  Shale.  Also,  
t h e  S.E.M. f u r n i s h e s  a c l o s e r  look a t  t h e  Shale  than  p rev ious ly  a v a i l a b l e .  

*Paper no t  a v a i l a b l e  a t  t i m e  of p u b l i c a t i o n  
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PROGRESS REPORT ON CHARACTERIZATIOII OF THE 
DEVONIAN BLACK SHALES I N  OHIO 

Frank L. Majchszak 
Ohio D i v i s i o n  o f  Geological  Survey 

Columbus, Ohio 

ABSTRACT 

Pre l  im inary  maps 
e l e v a t i o n  o f  t h e  t o p  
f a c i e s  have been pub 
shales i n  eas tern  Oh 

showing th ickness  o f  t h e  Devonian shales,  
o f  t h e  Devonian shales r a d i o a c t i v e  f a c i e s  
ished by Janssens and De W i t t .  Maps show 
o and i n d i c a t i n g  repo r ted  shows i n  Devoni 

t op  and base e l e v a t i o n s  o f  t h e  shales, 
and th ickness  o f  t h e  r a d i o a c t i v e  

ng w e l l s  producing from Devonian 
n- shales i n  no r theas t  and southeast 

Ohio a r e  a v a i l a b l e  from t h e  Ohio D i v i s i o n  o f  Geological  Survey. 

Research i n  progress focuses on i d e n t i f i c a t i o n  o f  widespread mapping u n i t s  and r a d i o a c t i v e  sha le  
f a c i e s  f rom boreho le  geophysical  l o g  c ross  sec t ions .  Gamma ray l o g  c o n t r o l  permi ts  r a p i d  i d e n t i f i -  
c a t i o n  of  t he  Cleveland Shale member and o f  t h e  Olentangy Shale. Maps showing 
base o f  t h e  Huron member o f  t h e  Ohio Shale ( t o p  o f  t h e  Olentangy Shale),  t h e  t h  
b u t i o n  o f  t h e  r a d i o a c t i v e  f a c i e s  o f  t h e  lower Huron member, and the  r a d i o a c t i v e  
s t r e e t  Shale equ iva len t  (New York s t a t e  terminology) w i t h i n  the  lower Olentangy 
i n  t h i s  progress r e p o r t .  

he e l e v a t i o n  o f  t h e  
ckness and d i s t r i -  
f a c i e s  o f  t h e  Rhine- 
Shale a re  inc luded 

Asce r ta in ing  d e t a i l s  of t he  s t r a t i g r a p h y  o f  t h e  nonrad ioac t i ve  Devonian sha e u n i t s  w i l l  be a 
fo rmidab le  task  r e q u i r i n g  a comprehensive i n v e s t i g a t i o n  which combines boreho le  geophysical  l o g  
s tud ies  and d e t a i l e d  sample and co re  d e s c r i p t i o n s .  

I NTRODUCT I ON 

The Devonian shales o f  t he  Appalachian Basin a re  t h e  sub jec t  o f  an extens 
aimed a t  p r o v i d i n g  i n fo rma t ion  t o  f a c i l i t a t e  t h e  p roduc t i on  o f  n a t u r a l  gas. 
p o t e n t i a l  o f  t h e  Devonian shales i s  es t imated  t o  be 67 t r i l l i o n  cub ic  f e e t  o f  
DeWitt,  1976). 

F iau re  1 shows t h e  aenera l i zed  occurrence o f  t h e  Devonian shales,  which i 

ve research program 
n Ohio, t h e  resource 
gas (Janssens and 

Ohio have been de- 
f i n e d  a s  t h e  rocks between t h e  base o f  t h e  Berea Sandstone (Lower M iss i ss ipp ian )  and t h e  t o p  o f  t h e  
Onondaga Limestone (Middle Devonian). Cur ren t  i n t e r e s t  i s  focused on t h e  ex tens i ve  sha le  body i n  
eas tern  Ohio. 
than 4,000 fee t  a long  Oh io 's  eas te rn  border w i t h  t h e  panhandle o f  West V i r g i n i a .  

A recent  p u b l i c a t i o n  by Janssens and DeWitt (1976) incorpora tes  a g r e a t  deal  of p e r t i n e n t  back- 
ground m a t e r i a l  on the  Devonian shales o f  Ohio and prov ides  a foundat ion  f o r  more d e t a i l e d  i n v e s t i -  
ga t i ons .  
con t inues  a t  t he  present t ime. 
than 1,500 p roduc t i ve  Devonian sha le  we1 1s. 

Th is  c l a s t i c  wedge th i ckens  from a featheredge a t  t he  ou tc rop  i n  c e n t r a l  Ohio t o  more 

Inc luded i s  a s h o r t  h i s t o r y  o f  Devonian sha le  p roduc t ion ,  which began about 1860 and 
Four separate per iods  of  d r i l l i n g  a c t i v i t y  have accounted f o r  more 

On t h e  bas is  o f  a l i m i t e d  number o f  c o n t r o l  p o i n t s  ( 4 3 ) ,  Janssens and DeWitt mapped t h e  general-  
They a l s o  inc luded a b r i e f  d i scuss ion  o f  t h e  type  l o c a l i t y  i zed  th i ckness  o f  t he  Devonian shales.  
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o f  each o f  t h e  rock  u n i t s  under cons ide ra t i on .  The s t r a t i g r a p h i c  and geographic d i s t r i b u t i o n  o f  
t h r e e  major r a d i o a c t i v e  sha le  f a c i e s  w i t h i n  the  Ohio Shale and one w i t h i n  t h e  Olentangy Shale a r e  
discussed and i l l u s t r a t e d  w i t h  the  a i d  o f  t h r e e  cross sec t i ons .  Natura l  gas p roduc t i on  assoc ia ted  
w i t h  each o f  t he  four  major r a d i o a c t i v e  f a c i e s  i s  inc luded i n  the  d iscuss ion .  S i g n i f i c a n t  quan t i -  
t i e s  o f  o i l  and gas a l s o  have been produced f rom s i l t s t o n e  r e s e r v o i r s  w i t h i n  t h e  Chagr in Shale 
member o f  t h e  Ohio Shale. More than 100 w e l l s  have produced hydrocarbons from t h e  Chagr in member 
i n  Monroe, Noble, and Washington Counties. 

P r e l i m i n a r y  maps showing th i ckness  o f  t h e  Devonian shales,  t op  and base e l e v a t i o n s  of  t h e  shales,  
e l e v a t i o n  o f  t h e  top  o f  t h e  Devonian shales r a d i o a c t i v e  f a c i e s ,  and th ickness  of  t h e  r a d i o a c t i v e  
fac ies  a r e  inc luded i n  Janssens and DeWi t t ' s  r e p o r t .  

Janssens and DeWi t t ' s  research, as w e l l  as the  present paper, i s  based almost e n t i r e l y  upon bore- 
h o l e  geophysical  l o g  s tud ies .  Th is  approach f a c i l  i t a t e s  r a p i d  a c q u i s i t i o n  o f  geo log ic  data f o r  pre- 
l i m i n a r y  mapping. More impor tan t l y ,  w i t h  t h e  except ion  o f  t h e  Chagrin s i l t s t o n e  produc t ion ,  t h e r e  
appears t o  be an e m p i r i c a l  r e l a t i o n s h i p  between es tab l i shed  p roduc t i on  o r  shows o f  gas and h i g h  
r a d i o a c t i v i t y  (g rea te r  than 160 A . P . I .  u n i t s )  as seen on a gamma ray  log .  
gamma ray  readings probab ly  r e f l e c t  above-average concen t ra t i ons  o f  uranium, which, accord ing  t o  
Swanson (1961, p. 103), r e s u l t  from p r e f e r e n t i a l  p r e c i p i t a t i o n  o f  uranjum from sea water i n  the  
presence o f  o rgan ic  ma t te r .  

The h ighe r  than normal 

A g r e a t  deal  o f  a d d i t i o n a l  i n fo rma t ion  and suppor t i ng  data a l s o  a r e  inc luded i n  t h e  Janssens and 
DeWitt r e p o r t .  However, because t h i s  i n fo rma t ion  i s  bo th  recent  and i s  r e a d i l y  a v a i l a b l e  i n  pub- 
l i s h e d  form, i t  w i l l  n o t  be repeated i n  t h i s  progress repo r t .  

A map showing w e l l s  producing from t h e  Devonian shales (which inc ludes  sandstones and s i l t s t o n e s  
w i t h i n  t h e  Ohio Shale) has been compiled by Janssens (1975) and has been updated by t h e  s t a f f  of t h e  
Subsurface Geology Sec t ion .  More than 140 w e l l s  and an a d d i t i o n a l  52 pool o r  f i e l d  l o c a t i o n s  a re  
shown. I n d i v i d u a l  w e l l s  a r e  assigned t o  f i v e  ca tegor ies  accord ing  t o  repo r ted  i n i t i a l  p roduc t ion ,  
which ranges from less  than 50 MCFPD t o  more than 500 MCFPD. 

A d d i t i o n a l l y ,  a map i l l u s t r a t i n g  repo r ted  o i l  and gas shows i n  the  Ohio Shale o f  eas tern  Ohio 
has been compi led and posted by Gearheart and Grapes (1977). More than 400 w e l l s  a r e  shown by i n -  
d i v i d u a l  w e l l  symbols o r  by o u t l i n e s  which represent a c l u s t e r  o f  w e l l s .  A t  l e a s t  t w i c e  t h i s  number 
o f  w e l l s  have been repo r ted  t o  have had shows o f  gas i n  the  Ohio Shale, bu t  most o f  these cannot be 
documented by w e l l  records.  

PURPOSE AND BENEFITS 

One o f  t h e  p r i n c i p a l  reasons f o r  t h i s  p r e l i m i n a r y  mapping e f f o r t  i s  t o  coo rd ina te  and standard- 
i z e  t h e  i n v e s t i g a t i v e  techniques and mapping u n i t s  among ERDA Eastern Gas Shales P r o j e c t  S t r a t i g -  
raphers so t h a t  a basin-wide i n t e r p r e t a t i o n  can be developed. These r e s u l t s ,  a l though p r e l i m i n a r y ,  
p rov ide  a framework f o r  c o r r e l a t i o n  between known producing areas and zones and can be u t i l i z e d  t o  
s e l e c t  s i t e s  for a d d i t i o n a l  da ta  a c q u i s i t i o n  o r  p r o d u c t i o n - s t i m u l a t i o n  t e s t s .  I n  a d d i t i o n ,  i n t e r -  
es ted  producers can u t i l i z e  reconnaissance data t o  focus t h e i r  e x p l o r a t i o n  a c t i v i t i e s  i n  areas t h a t  
a r e  most l i k e l y  t o  y i e l d  favo rab le  r e s u l t s .  

Furthermore, a r a p i d  reg iona l  study o f  t h i s  scope a l l ows  t h e  i n v e s t i g a t o r  t o  v iew the  e n t i r e  
spectrum o f  da ta  i n  t h e  s tudy  area and t o  eva lua te  the  e f f e c t i v e n e s s  o f  predetermined mapping methods 
i n  d e p i c t i n g  observed geo log ic  c o n d i t i o n s .  Previewing t h e  da ta  i n  t h i s  manner may d i s c l o s e  inade- 
quacy i n  mapping methods o r  may suggest techniques s u i t a b l e  f o r  segregat ing  and c h a r a c t e r i z i n g  Devon- 
i an  sha le  u n i t s  which appear t o  c o n t r a s t  very  s u b t l y ,  i f  a t  a l l ,  w i t h  ad jacent  rocks. 

SCOPE 

The scope o f  t h i s  research i s  l i m i t e d  bo th  i n  conten t  and methodology. The two most r e a d i l y  
mappable r a d i o a c t i v e  f a c i e s  o f  t h e  Devonian shales were se lec ted  f o r  t h i s  gamma ray  l o g  i nves t i ga -  
t i o n .  Wi th  t h e  except ion  o f  some f a i r l y  d e t a i l e d  c o r r e l a t i o n s  on t h r e e  o f  t h e  s i x  reg iona l  c ross  
sec t i ons  upon which t h i s  r e p o r t  i s  based, t h e  remainder o f  t h i s  study was conducted i n  J u l y  and 
August. 

The s t r u c t u r e  and isopach maps i n  t h i s  r e p o r t  a re  based upon 197 c o n t r o l  p o i n t s .  A f a i r l y  s i g -  
n i f i c a n t  p a r t  o f  t h e  a v a i l a b l e  t ime  was expended i n  s e l e c t i n g  rep resen ta t i ve  boreho le  geophysical  
l ogs  f rom t h e  f i l e s .  No t ime was a v a i l a b l e  t o  adequately reso lve  i n t e r n a l  i ncons is tenc ies  which 
i n v a r i a b l y  crop up i n  reg iona l  i n v e s t i g a t i o n s .  
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Although t h e  r e s u l t s  o f  t h i s  s tudy  r e q u i r e  q u a l i f i c a t i o n  because they  a r e  p r e l i m i n a r y  i n  na ture ,  

they  should be q u i t e  use fu l  f o r  t h e  purpose f o r  which they  a r e  intended. 

METHODS OF INVESTIGATION 

One o f  t he  most r e l i a b l e  and widespread o f  t h e  gamma ray  l o g  p i c k s  i s  t h e  t o p  of  t h e  Olentangy 
Throughout most o f  t h e  area of i n v e s t i -  Shale (base o f  t h e  lower Huron member o f  t h e  Ohio Shale). 

ga t i on ,  t h e  l'normall' n a t u r a l  r a d i o a c t i v i t y  o f  t h e  Olentangy Shale c o n t r a s t s  sha rp l y  w i t h  t h e  h i g h l y  
r a d i o a c t i v e  f a c i e s  o f  t h e  lower Huron Shale. Even where t h i s  i s  n o t  t h e  case, t h e  gamma ray  l o g  
s igna tu re  o f  t h e  Olentangy i s  s u f f i c i e n t l y  d i a g n o s t i c  t o  pe rm i t  i t s  i d e n t i f i c a t i o n .  

A f t e r  e s t a b l i s h i n g  t h e  base o f  t h e  Huron Shale throughout eas tern  Ohio, t he  nex t  s tep  was t o  map 
t h e  r a d i o a c t i v e  f a c i e s  o f  t he  lower Huron. To accomplish t h i s  task,  i t  was necessary f i r s t  t o  de- 
f i n e  on t h e  gamma ray  l o g  a th resho ld  va lue  which cou ld  be used t o  d i s t i n g u i s h  between r a d i o a c t i v e  
and nonrad ioac t i ve  shale.  The method decided upon f o r  t h i s  p r e l i m i n a r y  i n v e s t i g a t i o n  invo lved 
es tab l  i s h i n g  a "normal shale" base 1 i ne  p red ica ted  upon t h e  gamma ray  l o g  response o f  sha le  u n i t s  
observed t o  be f a i r l y  c o n s i s t e n t l y  nonrad ioac t ive .  
es tab l i shed  on t h e  b a s i s  o f  t he  n a t u r a l  r a d i o a c t i v i t y  l e v e l s  o f  the  Bedford, Chagrin, non rad ioac t i ve  
Huron, and nonrad ioac t i ve  Olentangy Shales. Al though d i f f e r i n g  g r e a t l y  because o f  d i f f e r e n c e s  i n  
equipment, c a l  i b r a t i o n  procedures, h o l e  cond i t i ons ,  e t c . ,  t h i s  va lue  commonly was 140 A . P . I .  u n i t s .  
Rad ioac t ive  shales then were de f i ned  as those shales hav ing  a gamma ray  l o g  response 20 A . P . I .  u n i t s  
( o r  t he  equ iva len t  i n  t h e  case o f  t he  o l d e r  logs)  t o  t h e  r i g h t  o f  t h e  sha le  base l i n e .  Th is  method, 
a l though n o t  comple te ly  o b j e c t i v e  because o f  t h e  a t t e n u a t i o n  e f f e c t  o f  d i f f e r e n t  numbers o f  cas ing  
s t r i n g s ,  proved t o  be a pragmatic approach t o  t h e  problem. 

A sha le  base l i n e  f o r  each w e l l  i n  Ohio was 

I n  a few areas o f  t he  s ta te ,  t h e  upper con tac t  o f  t h e  lower Huron r a d i o a c t i v e  f a c i e s  i s  sharp 
and unequivocal .  T y p i c a l l y ,  however, t he  upper con tac t  i s  t r a n s i t i o n a l  and interbedded. In t h i s  
case, f o r  isopach purposes t h e  t o p  o f  t he  mapping u n i t  was de f i ned  as t h e  t o p  of the  uppermost rad io -  
a c t i v e  tongue which was no t  preceded by a nonrad ioac t i ve  tongue o f  g rea te r  th ickness .  
cases, where the  l i t e r a l  a p p l i c a t i o n  o f  t h i s  c r i t e r i o n  would exc lude t h i c k  r a d i o a c t i v e  tongues genet- 
i c a l l y  r e l a t e d  t o  under l y ing  u n i t s ,  an except ion  was made i n  t h e  i n t e r e s t  o f  p r o v i d i n g  a geo log ic  
i n t e r p r e t a t i o n  which would more accu ra te l y  represent e x i s t i n g  l o c a l  c o n d i t i o n s .  By convent ion,  t h e  
minimum s i z e  o f  a u n i t  f o r  mapping purposes was se t  a t  25 f ee t .  The isopach va lue  f o r  t h e  rad io -  
a c t i v e  f a c i e s  was a r r i v e d  a t  by s u b t r a c t i n g  t h e  depth o f  t he  top  o f  t h e  u n i t  f rom the  depth of i t s  
base. No adjustment was made f o r  t he  th ickness  o f  interbedded nonrad ioac t i ve  u n i t s .  

I n  a few 

The base o f  t h e  Rh ines t ree t  Shale equ iva len t  i n  Ohio was determined by t r a c i n g  the  u n i t  from New 
York s t a t e  through Pennsylvania and i n t o  Columbiana County, Ohio, on a s e r i e s  o f  reg iona l  c ross  sec- 
t i o n s .  C o r r e l a t i o n s  i n  New York and Pennsylvania were es tab l i shed  by s t r a t i g r a p h e r s  f rom t h e  respec- 
t i v e  s t a t e  surveys i nvo l ved  i n  t h e  ERDA Eastern Gas Shales P r o j e c t .  The r a d i o a c t i v e  f a c i e s  of  t he  
Rh ines t ree t  Shale equ iva len t  i n  Ohio was mapped i n  a manner s i m i l a r  t o  t h a t  descr ibed f o r  t h e  lower 
Huron Shale. 

RESULTS O F  INVESTIGATIONS 

F igu re  2 shows t h e  e l e v a t i o n  o f  t h e  base o f  t h e  Huron member of t h e  Ohio Shale ( t o p  of t h e  Olen- 
tangy Shale).  As i s  t h e  case w i t h  most reg iona l  s t r u c t u r e  maps o f  eas tern  Ohio, t h e  map on the  base 
o f  t he  Huron member shows homocl inal  sou theas te r l y  d i p  i n t o  t h e  Appalachian Basin. As expected, 
t h i s  map i s  q u i t e  s i m i l a r  t o  Janssens and DeWi t t ' s  (1976, f i g ,  5) reg iona l  s t r u c t u r e  map on the  base 
o f  t he  Devonian shales (base o f  t h e  Olentangy Shale) and prov ides  s t r u c t u r a l  c o n t r o l  on a r e l i a b l e  
mapping ho r i zon  w i t h i n  t h e  Devonian sha le  sequence. Also,  i n  the  event t h a t  t he  lower Huron rad io -  
a c t i v e  f a c i e s  proves t o  be t h e  most e x p l o i t a b l e  zone commercial ly,  a d e t a i l e d  map on t h e  base of 
t h i s  ho r i zon  w i l l  m a t e r i a l l y  a i d  i n  p r e d i c t i n g  d r i l l i n g  depths. 

F igu re  3 i l l u s t r a t e s  t h e  t e n t a t i v e  r e l a t i o n s h i p s  a m n g  t h e  fo rmat ions  and members which l i e  
between t h e  Berea Sandstone and Onondaga Limestone. 
Lewis and Schwie ter ing  (1971), i s  t h e  uppermost r a d i o a c t i v e  u n i t  w i t h i n  the  Devonian shales sequence. 
As i l l u s t r a t e d  i n  F igu re  3,  t he  Cleveland Shale t h i n s  and pinches o u t  eastward, p robab ly  by deposi- 
t i o n a l  t h i n n i n g .  Where t h e  Cleveland Shale no longer i s  present,  t he  o v e r l y i n g  Bedford Shale and 
the  under l y ing  Chagrin Shale, which a r e  s i m i l a r  l i t h o l o g i c a l l y ,  cannot be d i f f e r e n t i a t e d  w i t h  assur-  
ance because t h e i r  gamma ray  l o g  c h a r a c t e r i s t i c s  also a r e  very  s i m i l a r .  Poss ib l y  a d d i t i o n a l  research 
w i l l  p rov ide  c r i t e r i a  which w i l l  e s t a b l i s h  a mappable con tac t  between the  Bedford and t h e  Chagrin 
beyond t h e  eas te rn  l i m i t s  o f  t h e  Cleveland Shale. 

The Cleveland Shale, which has been mapped by 

As dep ic ted  i n  F igu re  3 ,  t h e  con tac t  between t h e  Chagr in Shale and the  Huron Shale i s  p i cked  
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e a s i l y  f rom t h e  gamma ray  l ogs  as f a r  east as t h e  border between Wayne and S ta rk  Counties. A t  t h i s  
p o i n t ,  t h e  upper Huron r a d i o a c t i v e  fac ies ,  which i s  separated from t h e  massive lower Huron rad io -  
a c t i v e  f a c i e s  i n  t h e  Wayne County area by a westward-thinning tongue o f  non rad ioac t i ve  shale, grad- 
u a l l y  loses  i t s  c h a r a c t e r i s t i c  appearance on the  gamma ray  log .  To t h e  east,  t h e  gamma ray  l o g  
appearance o f  t h e  nonrad ioac t i ve  f a c i e s  equ iva len t  o f  t h e  upper Huron Shale i s  i n d i s t i n g u i s h a b l e  
from t h a t  o f  t h e  Chagrin Shale above i t  and t h e  nonrad ioac t i ve  tongue o f  t h e  Huron Shale below i t .  
As a r e s u l t ,  t he  Chagrin-Huron con tac t  probably w i l l  be very  d i f f i c u l t  or imposs ib le  t o  e s t a b l i s h  
w i t h  c e r t a i n t y  eastward o f  t he  upper Huron f a c i e s  change. 

The r a d i o a c t i v e  f a c i e s  o f  t h e  lower Huron Shale cont inues  cons ide rab ly  f a r t h e r  eastward. How- 
ever,  i t  too  undergoes a f a c i e s  change t o  non rad ioac t i ve  sha le .  T h i s  occurs i n  two stages. F i r s t ,  
t he  upper h a l f  o f  t h e  lower Huron g radua l l y  loses i t s  d i s t i n c t i v e  gamma ray  l o g  appearance as i n t e r -  
bedded nonrad ioac t i ve  sha le  beds increase i n  th ickness  t o  t h e  eas t ,  by f a c i e s  change, t o  d i s p l a c e  
t h e  r a d i o a c t i v e  beds. F igu re  3 i l l u s t r a t e s  t h i s  f a c i e s  change near the  S t a r k  County-Columbiana 
County l i n e .  A s i m i l a r  change takes p lace  i n  t h e  case o f  t h e  lower h a l f  o f  t h e  lower Huron, except 
t h a t  t h e  r a d i o a c t i v e  fac ies  p e r s i s t s  s l i g h t l y  f a r t h e r  east.  

As shown by F igu re  3, t he  Olentangy Shale th ickens  s u b s t a n t i a l l y  t o  the  eas t .  A r a d i o a c t i v e  
sha le  fac ies  w i t h i n  t h e  lower Olentangy Shale has been t e n t a t i v e l y  c o r r e l a t e d ,  on t h e  bas i s  o f  
reg iona l  cross sec t ions ,  w i t h  t h e  Rh ines t ree t  Shale member o f  t h e  West F a l l s  Group (New York s t a t e  
te rmino logy) .  The s t r a t i g r a p h i c  r e l a t i o n s h i p  o f  t he  r a d i o a c t i v e  f a c i e s  o f  t he  Rh ines t ree t  equiva- 
l e n t  t o  sur round ing  rocks  i s  shown i n  F igu re  3 .  

F igu re  4 shows t h e  d i s t r i b u t i o n  and th ickness  o f  t h e  r a d i o a c t i v e  f a c i e s  o f  t h e  Rh ines t ree t  
equ iva len t .  A t  l e a s t  two w e l l s  c u r r e n t l y  produce from t h i s  u n i t  i n  Ohio. These a re  l oca ted  i n  
Columbiana County i n  F a i r f i e l d  and F r a n k l i n  Townships. Reported i n i t i a l  d a i l y  p roduc t ions  are  65 
MCF a f t e r  f r a c  and 31 MCF a f t e r  f r a c ,  r e s p e c t i v e l y .  Each o f  these w e l l s  was d r i l l e d  t o  a deeper 
o b j e c t i v e  and plugged back f o r  Devonian sha le  p roduc t ion .  I t  probab ly  i s  more than c o i n c i d e n t a l  
t h a t  these producing w e l l s  a r e  loca ted  i n  an area o f  t h i c k  r a d i o a c t i v e  Rh ines t ree t  and t h a t  t h e  
h ighe r  repor ted  i n i t i a l  p roduc t i on  i s  l oca ted  i n  an area o f  t h i c k e r  Rh ines t ree t .  On t h e  bas i s  o f  
t h i s  p r e l i m i n a r y  i n v e s t i g a t i o n ,  i t  appears as though t h e  g r e a t e s t  o p p o r t u n i t y  t o  e s t a b l i s h  gas pro- 
d u t i o n  f rom t h e  Rh ines t ree t  w i l l  be i n  areas where t h e  r a d i o a c t i v e  f a c i e s  has a th ickness  g r e a t e r  
than 125 fee t .  Because F igu re  4 i s  p r e l i m i n a r y  and genera l i zed ,  a d d i t i o n a l  geo log i c  research w i l l  
be requ i red  t o  p i n p o i n t  s i t e s  which would be l i k e l y  t o  produce gas from t h i s  i n t e r v a l .  F igu re  4 
does suggest, however, t h a t  t h e  g rea tes t  o p p o r t u n i t y  f o r  Rh ines t ree t  p roduc t i on  should be i n  t h e  
Columbiana-Mahoning County area where the  r a d i o a c t i v e  f a c i e s  appears t o  be t h e  t h i c k e s t .  

F igu re  5 shows t h e  d i s t r i b u t i o n  and th ickness  o f  t h e  r a d i o a c t i v e  f a c i e s  o f  t h e  lower Huron Shale. 
Th is  f a c i e s  o f  t h e  Devonian shales probably w i l l  o f f e r  t h e  g rea tes t  p o t e n t i a l  f o r  l a rge -sca le  gas 
p roduc t i on  because o f  i t s  a rea l  e x t e n t  and th ickness .  With the  p o s s i b l e  except ion  o f  t h e  s i l t s t o n e  
fac ies  o f  t h e  Chagr in Shale member, t h i s  u n i t  i s  t h e  one from which most o f  t h e  es tab l i shed  Devonian 
shales p roduc t i on  has been ob ta ined.  Throughout most o f  eas tern  Ohio t h e  r a d i o a c t i v e  f a c i e s  of  t h e  
lower Huron i s  c o n s i s t e n t l y  200 t o  400 f e e t  t h i c k .  I n  genera l ,  t h i s  u n i t  t h i n s  t o  t h e  west by depo- 
s i t i o n a l  t h i n n i n g  and t o  the  eas t  by f a c i e s  change t o  non rad ioac t i ve  shale.  The major except ion  t o  
t h i s  t r e n d  i s  t h e  t h i c k  area shown i n  Monroe and Belmont Counties; mapping o f  t h i s  area i s  based on 
c o n t r o l  from a s i n g l e  w e l l .  The r e p r o d u c i b i l i t y  o f  t h e  data f rom t h i s  w e l l  i s  ques t ionab le ,  and 
a d d i t i o n a l  research may prove t h i s  i n t e r p r e t a t i o n  t o  be inaccura te .  

CONCLUSIONS 

The r a d i o a c t i v e  shale u n i t s  o f  t h e  Devonian shales,  t he  Cleveland Shale, t h e  r a d i o a c t i v e  fac ies  
o f  t h e  upper and lower Huron member, and the  r a d i o a c t i v e  f a c i e s  o f  t h e  Rh ines t ree t  equ iva len t  w i t h i n  
t h e  lower Olentangy Shale can be r e a d i l y  and accu ra te l y  mapped us ing  gamma ray  logs .  Since an 
e m p i r i c a l  r e l a t i o n s h i p  e x i s t s  between gas p roduc t i on  and t h e  h i g h l y  r a d i o a c t i v e  sha le  f a c i e s ,  map- 
p i n g  o f  t h e  s t r u c t u r e ,  th ickness ,  and d i s t r i b u t i o n  o f  these p o t e n t i a l l y  p roduc t i ve  u n i t s  should be 
a p r a c t i c a l  appraach t o  subsurface s t r a t i g r a p h i c  i n v e s t i g a t i o n s  or e x p l o r a t i o n  f o r  n a t u r a l  gas. 

Hydrocarbon p roduc t i on  from t h e  s i l t s t o n e  f a c i e s  o f  t h e  Chagrin member i s  from a convent iona l ,  
a l b e i t  m a r g i n a l l y  comnercial ,  r e s e r v o i r .  The ques t i on  which remains t o  be answered concerns t h e  
p roduc t i ve  p o t e n t i a l  o f  t h e  Devonian sha le  u n i t s  o f  normal r a d i o a c t i v i t y .  D e t a i l s  o f  t h e  s t r a t i g -  
raphy o f  these u n i t s  w i l l  be d i f f i c u l t ,  i f  no t  impossible,  t o  a s c e r t a i n  by gamma ray l o g  s tud ies .  
A comprehensive i n v e s t i g a t i o n  combining boreho le  geophysical  l o g  i n v e s t i g a t i o n s  and d e t a i l e d  sample 
and core  examinat ion w i l l  be requ i red  t o  accomplish t h i s  task .  
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EGS-45 FRANK L. MAJCHSZAK 7 

FIGURE 2.  - Preliminary regional structure map o f  the base o f  the Huron member o f  the 
Ohio Shale ( t o p  o f  the Olentangy Shale) 
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k 

FIGURE 4 .  - General ized th i ckness  o f  a r a d i o a c t i v e  sha le  u n i t  w i t h i n  t h e  lower  Olentangy 
Shale (approximate e q u i v a l e n t  o f  t h e  Rh ines t ree t  Shale member o f  t h e  West 
F a l l s  Group of  New York s t a t e )  
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FIGURE 5. - Generalized thickness o f  the  rad ioact ive  shale fac ies  o f  the  lower Huron 
member of the Ohio Shale 
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USE OF THE SC I NTI LLOMETER AND GAMMA-RAY LOGS FOR 
CORRELATION FROM THE SUBSURFACE TO THE SURFACE I N  B L A C K  SHALE 

Frank R. Ettensohn Department of Geology, University of Kentucky 
Linda Provo Fultoni , Department of Geology, University of Cincinnati 
Roy C .  Kepferle, U.S. Geological Survey, University of Cincinnati 

ABSTRACT 

Stratigraphic studies of the Devonian and Mississippian Ohio, Sunbury, New Albany, andchattanoo- 
ga Shales (consisting primarily of black, organic-rich shale) in the eastern portions of Ohio, Ken- 
tucky and Tennessee indicate that radioactive units evident on subsurface gamma-ray logs from oil 
and gas wells penetrating these formations can be distinguished in outcrops and in cores by using a 
scintillometer. Measurements of gamma radiation made with a portable scintillometer at close verti- 
cal intervals along the surface of a black-shale exposure o r  core are found to produce radioactivity 
profiles that closely resemble gamma-ray curves from the same formation in the subsurface. Because 
the units of the scintillometer profiles and gamma-ray curves are not identical (counts/second VS. 
API units), the curves are not comparable on a quantitative basis, although their patterns are quali- 
tatively similar enough to allow good correlation. 

Except for thin green-shale beds distributed throughout the black shale, exposures of the Ohio, 
New Albany, and Chattanooga Shales are lithologically homogeneous. Use of this technique has shown, 
however, that these black-shale formations contain seven major radioactive units, which can now be 
correlated with named surface and subsurface units. With a scintillometer, the presence or absence 
and thickness of  these units can be determined in otherwise homogeneous-appearing exposures of the 
black shale or in cores from wells lacking gamma-ray logs. Use of this scintillometer technique to- 
gether with gamma-ray logs has proved useful in defining an internal basin-wide stratigraphy for the 
Devonian and Mississippian black shales. 

Key ideas: Devonian and Mississippian Ohio, Sunbury, New Albany, and Chattanooga Shales, black 
shale, radioactive units, gamma-ray logs, scintillometer, radioactivity profiles, correlation, strati- 
graphy. 

INTRODUCTION 

The Ohio, Sunbury, New Albany, and Chattanooga Shales (upper Devonian and lower Mississippian) 
consistalmostwholly of black, organic-rich shale. Exposures of these black-shale formations appear 
to be homogeneous except for thin beds of greenish-gray shale distributed locally throughout the 
black-shale sequence. 
sequence in the Appalachian basin, yet because stratigraphic and paleontologic control is lacking, 
these shales locally defy all but the coarsest subdivision. 

These black shales comprise as much as one-fourth of the Devonian sedimentarv 

The Devonian and Mississippian black 

'Present address: Exxon Company, U.S.A., New Orleans, LA 70161 
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2 USE OF THE SCINTILLOMETER AND GAMMA-RAY LOGS EGS-46 

shales of Ohio and Tennessee have been divided (Campbell, 1946, Hass, 1956; Hoover, 1960; Conant and 
Swanson, 1961). In the subsurface, moreover, drillers have used informal and highly variable subdi- 
visions based on lithology, color, and texture. In eastern Kentucky exposures, however, the Ohio, 
New Albany, and Chattanooga Shales have not been subdivided because of their apparent homogeneity, 
thus impeding comparison and correlation with black-shale units in the subsurface and in adjacent 
states. 

Examination of many gamma-ray logs, drillers' logs, and subsurface samples from eastern Kentucky 
and immediately adjacent areas (Figure 1) has revealed that readily apparent and persistent radioac- 
tive units can be distinguished on gamma-ray logs from these subsurface black-shale formations (Fig- 
ure 2) (Provo, 1977a, b). 
radioactivity, some of the changes in radioactivity are also accompanied by changes in lithology. 

These radioactive units, it seemed, should be recognizable also in outcrops and cores in the 

Although these units are related primarily to changesin the amount of 

Ohio, New Albany, and Chattanooga Shales. 
recorded at close intervals on the surfaces of black-shale exposures and cores usingascintillonleter. 
Plotting these measurements produced radioactivity profiles which are qualitatively similar to gamma- 
ray curves from the same formation in the subsurface (Figure 2). 
revealed by this technique in black-shale exposures and cores has greatly facilitated correlation 
with similar radioactive units described from the subsurface. 

A vertical sequence of gamma-radiation measurements was 

The presence of radioactive units 

This paper apparently represents the first reported stratigraphic use of scintillometer-generat- 
ed radioactivity profiles for correlating between the surface and subsurface in black shales. Some- 
what similar techniques have been used in searching for high concentrations of uraniuminblackshales. 
Conant and Swanson (1961, Figure 18) compared the uranium content in well samples from five subunits 
of the Chattanooga Shale in Tennessee with a gamma-ray log from the same well. 
technique, is the work of Glover (1959, Figure 20) in which a scintillometer-generated radioactivity 
profile was compared with uranium content and degree of weathering in exposures of the Chattanooga 
Shale in Tennessee. 

Closer yet to our 

PROCEDURES 

The technique we have used most successfully involves a minimum of three people. Using a tele- 
scopic Jacob's staff mounted with an Abney level, two people measure a succession of five-feet ver- 
tical intervals on the face of an exposure. The measuring interval on the Jacob's staff is set at 
five feet, but its telescopic nature allows for easy adjustment to lesser intervals. Although the 
beds in most black-shale exposures throughout eastern Kentucky are nearly horizontal, the inclino- 
meter on the Abney level can be adjusted to match the dip of the beds. One person sights through the 
Abney level parallel to dip, while a second person marks the line-of-sight intersebtion on the out- 
crop with a brightly colored piece of engineer's tape (Figure 3). The cumulative thickness above the 
base of the unit is recorded on each successive piece of tape. A third person records scintillometer 
measurements at two-and-one-half feet intervals using the five-feet interval markers as guides (Fig- 
ure 31, describes the outcrop, and collects samples with reference to the five-feet markers. 
important that the scintillometer be placed on the flattest surface available, because depressions on 
the outcrop surface tend to concentrate natural radioactivity, resulting in higher-than-normalvalues. 
On exposures with nearly vertical faces, a tape must be used to measure intervals, and scintillometer 
measurements were recorded by rappelling down the face of the exposure (Figure 4 ) .  
that readings at two-and-one-half feet intervals work well when the black-shale formation is greater 
than 50 feet in thickness. 
sequence thins to less than 50 feet (Figure 5), our data indicate that measurements should be record- 
ed at one-foot intervals. 
elevations above the base of the unit (Figures 2 and 5). 
then be interpreted and compared with gamma-ray logs from nearby wells (Figure 2 ) .  

It is 

We have found 

On and near the Cincinnati Arch, however, where the entire black-shale 

Scintillometer measurements and the lithology are plotted at the proper 
The resulting radioactivity profile can 

Generating radioactivity profiles from cores is considerably easier. The core is laid out, and 
the scintillometer is placed on the core at intervals of one to two-and-one-half feet. The measure- 
ments are recorded and plotted against depth below the surface (Figures 7 and 8). 
files from cores provide a means of comparing core profiles with various wireline logs from the same 
well (Figures 7 and 8). 

Radioactivity pro- 

IMPLICATIONS 

In an analysis of gamma-ray logs and sample sets from eastern Kentucky and adjacent regions, 
Provo (1977a, b) demonstrated that seven radioactive units can be distinguished in the Ohio, New 
Albany, and Chattanooga Shales of the subsurface (Figure 2). Scintillometer-generated radioactivity 
profiles from outcrops and cores are similar enough to gamma-ray curves from nearby wells (Figure 2 )  
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that five to six of the radioactive units distinguished in the subsurface can also be identified in 
the outcrop belt and in cores. 
and with some drillers' units in the subsurface (Provo and others, 1977). 

This has enabled correlation with surface units from adjacent states 

Because gamma-ray logs are continuous curves in contrast to the sequence of connected points 
composing radioactivity profiles, gamma-ray logs and radioactivity profiles will not be identical 
(Figure 7). Furthermore, because the units of radioactivity profiles and gamma-ray curves are not 
the same (counts/second vs. API units), the curves are not exactly comparable on a quantitativebasis. 
Nonetheless, their patterns are qualitatively similar enough to allow good correlation. 
also shows good correlation between a resistivity log and a radioactivity profile of core from the 
same well. It should be noted, however, that the radioactive units do not necessarily reflect changes 
in lithology, but rather changes in the amount of radioactive material present. 
general similarity between the curve for U3O8 content and the radioactivity profile from Tener Moun- 
tain, Ohio, clearly illustrates this relationship. 

Figure 8 

In Figure 9, the 

Throughout eastern Kentucky, this largely Devonian black-shale sequence is identified under 
The Chattanooga Shale of three stratigraphic names, the Chattanooga, New Albany, or Ohio Shale. 

south-central Kentucky and the Ohio Shale of north-eastern Kentucky are entirely Devonian in age, 
whereas the uppermost portion of the New Albany Shale in east-central Kentucky is Mississippian in 
age (Figure lo). In northeastern Kentucky, the black, organic-rich Sunbury Shale of Mississippian 
age is separated from the Ohio Shale of Devonian age by the Berea Sandstone and Bedford Shale of 
Devonian and Mississippian age (Figure 10). The Berea Sandstone and Bedford Shale, however, thin to 
the south, and both units pinch out before reaching central Kentucky (Peck, 1967; Weir, 19761, SO 

that Mississippian black shales equivalent to the Sunbury conformably overlie Devonian black shales 
equivalent to the Ohio Shale. 
black shales can no longer be separated, the stratigraphic nomenclature changes from the Ohio and 
Sunbury Shales to the New Albany Shale (Figure 10). 
conodonts (Weir, 1967), no easy means exist for differentiating Devonian and Mississippian parts of 
the New Albany Shale. Comparison of radioactivity profiles and gamma-ray logs from areas where the 
Berea-Bedford interval is present and from areas where this interval is absent revealed that Devonian 
and Mississippian black shales can usually be differentiated in outcrops where the Berea-Bedford in- 
terval is absent. The Mississippian Sunbury Shale and its equivalents in central Kentucky are far 
more radioactive than most parts of the underlying Devonian black-shale sequence. Radioactivity in 
the Sunbury Shale usually exceeds 300 API units and may range higher than 400 API units, creating a 
prominent positive deviation which is easily recognized in gamma-ray logs (Figure 2 ) .  The same posi- 
tive deviation is also easily recognized in radioactivity profiles (Figure 2) ,  even where the Berea- 
Bedford interval is absent (Figure 3 ) .  Hence, in Figure 11, the strong positive deviation at the top 
of the New Albany Shale is interpreted to be the equivalent of a similar deviation in the Mississip- 
pian Sunbury Shale. Moreover, the absence of this prominent positive deviation in some radioactive 
profiles from Chattanooga Shale of south-central Kentucky (Figure 5) must indicate that the Missis- 
sippian Sunbury Shale equivalent is absent in this area. 

At the point in central Kentucky where Mississippian and Devonian 

Except for paleontologic discrimination by 

SUMMARY 

Except for thin greenish-gray shale beds distributed locally throughout the Devonian and Missis- 
sippian black shales, exposures of the Ohio, New Albany, and Chattanooga Shales in east-central Ken- 
tucky appear homogeneous. The need for comparing outcrop stratigraphy in these apparently homogene- 
ous black-shale units with the subsurface stratigraphy interpreted from gamma-ray logs prompted the 
development of a technique for making radioactivity profiles or synthetic gamma-ray logs from out- 
crops and cores. A series of readings from a portable scintillometer taken at close vertical inter- 
vals on the outcrop or on core was found to produce radioactivity profiles which closely resemble 
gamma-ray logs from the same formation in the subsurface. Although the radioactivity profile and 
gamma-ray curves are not identical and the units on each are different, patterns from the two curves 
are qualitatively similar enough to allow good correlation. 

Examination of gamma-ray logs from wells in Devonian and Mississippian black-shale formations 
indicates that seven major radioactive units can be distinguished. 
radioactivity profile, these same units can now be distinguished in otherwise homogeneous-appearing 
exposures of the black shale and in cores. Use of this technique facilitates correlation between the 
surface and subsurface and has proved especially useful for differentiating the Mississippian Sunbury 
Shale equivalents from the underlying Devonian black shales where the Berea Sandstone and Bedford 
Shale are absent. 

Using a scintillometer-generated 
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Measured Outcrop O W e l  I 

Figure 1.--Location map showing the distribution of Devonian and Mississippian black shale in eastern 
Kentucky and adjacent regions (stippled) and the location of outcrops, core material, and 
wells used in this study (after Provo, 1977a). 

1. Tener Mountain Section, on Ohio Highway 5. Island Gas No. 533 Fee (Coalton), 
32 near Peebles, Adams County, Ohio. Boyd County, Kentucky, 11-V-81. 

2. Morehead Section near Morehead Inter- 6 .  Pennzoil No. 1 Jones, Rowan County, 
change on Interstate 64, Rowan County, Kentucky, 4-T-75. 
Kentucky, 5-T-72. 

7. Kentucky-West Virginia Gas Company 
3. Mountain Parkway Section near Clay 7239 Combs, Perry County, Kentucky, 

City, Powell County, Kentucky 19-K-76. 
11-4-67. 8. Pine Mountain Tunnel Project, 

4. Big Clifty Section on Ringgold Road Core Hole No. 5, Core Call N o .  
northwest of West Somerset, Pulaski C-247, Letcher County, Kentucky, 
County, Kentucky, 19-H-58. 14-G-80. 
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"Morehead Sect ion'' Pennzoi I Inland Gas 
Radioactivity Prof i le  No. 1 Jones No. 533Fee  ( Coalton 

5-T-72 4-T - 75 I I-V-81 
RowanCo., Ky. RowqnCo., Ky. 
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Figure 2.--Comparison of a radioactivity profile 
with gamma-ray logs from nearby and 
distant wells, showing the occurrence 
of radioactive units. 
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Figure 3.--Three students measuring, describing and profiling 
a black-shale section near Vanceburg, Kentucky. 
The upper two students are measuring and marking 
five-feet intervals with Jacob's staff and Abney 
level. The lower student is recording scintillom- 
eter readings. 

Figure 4.--Student rappelling down t h e  nearly vertical face 
of a black-shale exposure to record scintillometer 
readings. 
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C P S  

Figure 5.--Radioactivity profile from a thin Chattanooga Shale sequence. 
Big Clifty section, near West Somerset, Pulaski County, 
Kentucky (19-H-58) . 
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Figure 6.--Use of a scintillometer on black-shale core from the Pine Mountain Tunnel Project. 
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Figure 7.--Comparison of a gamma-ray log of the Ohio Shale from the Kentucky-West Virginia Gas CO. 
7239 Combs Well with the radioactivity profile of core from the same well. 
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Tener Mountain, Adams Co.,Ohio 
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Figure 9.--Comparison of the uranium content and the radioactivity profile of the Ohio Shale from the 
Tener Mountain exposure, Adams County, Ohio. 
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Figure 10.--Stratigraphy of the upper Devonian-lower Mississippian black-shale sequence along the 
outcrop belt in eastern Kentucky. 
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H Y B R I D  COMP'JTERS FOR S I M I ! L A T I O N  OF GAS 
DIFFUSION I r i  FRACTURED SHALE 

Thomas E. Springer 

Los Alamos Scientific Laboratory 
Los Alamos, New Mexico 87545 

ABSTRACT 

To stimulate gas recovery from Devonian shales, extraction technologies 
may include hydraulic, explosive, and natural fractures, chemical leaching, 
and gas displacement. Described here is a computational technique using a hy- 
brid (analog and digital) computer whose ultimate objective will involve si- 
mulation of experiments based on proposed extraction technologies to establish 
optimum economic stimulation methods. The technique has the potential use of 
determining expected values of production when only statistical distributions 
of crack densities, permeabilities, and other geophysical properties are known. 

INTRODUCTION 

In order to evaluate the induced change in gas production from Devonian 
shales caused by interconnecting existing fractures, by forming new fractures, 
and by modifying the region around the well bore, we have been increasing our 
capability for simulation of gas flow through non-isotropic porous media. 
Wnile reservoir flow problems are normally solved on a digital computer, some 
particular characteristics of simulating gas flow in Devonian shale have indi- 
cated that a hybrid computer utilizing both analog and digital computing ele- 
ments may prove more cost effective. 

The purpose of this paper is to point out these characteristics and to 
discuss the hybrid computer model we have been implementing. With either a 
hybrid computer o r  a digital computer, diffusion flow is modeled as a one-, 
two-, or three-dimensional mesh of pressure nodes interconnected by trans- 
missibili ties whose values are adjusted to represent fractures, well bores, 
spatially varying permeabilities and porosities, and the like. The digital 
calculation must use discrete time steps and solve in sequence the difference 
equations of the mesh at each time step using such techniques as successive 
overrelaxation, special structure inatrix solving, etc. [ 1,2,3,41 . The arlalog 
computer can, in principle, solve the many ordinary differential eq l ia t ions  o f  
the mesh in parallel. Because the problem variables exist continuously and 
simultaneously (instead of at discrete time steps only) throughout the analog 
circuits, integration is always a stable process. To realize the full poten- 
tial of the hybrid computer, one wants to time-share the available hardware to 
be able to solve large meshes [5]. Although the existing hybrid computing fa- 
cility at the Los Alamos Scientific Laboratory is not large enough for three- 
-dimensional gas diffusion problems, the two-dimensional problem can effec- 
tively compete with the digital computer when thousands of solutions are en- 
visioned. Since no oil or water, but only gas comprises the diffusing fluid, 
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t h e  amount o f  analog hardware requ i red  t o  rep resen t  a s i n g l e  p ressure  node i s  
cons ide rab ly  reduced f rom t h a t  r e q u i r e d  f o r  m u l t i - f l u i d  f l ow .  
computer t h e r e  i s  enough hardware t o  represent  20 pressure  : i d e s  s imu l tane-  
o u s l y  i n  a two- dimensional  5 by 4 a r r a y  o f  nodes. 
-dimensional  problem r e q u i r e s  many more pressure  nodes, so these are  t ime-  
-shared t h r e e  t imes i n  each dimension p r o v i d i n g  a 15 by 12 ar ray ,  180-node 
model. 
t i m e  shar ing .  

With our h y b r i d  

To so l ve  an e f f e c t i v e  two- 

Storage l i m i t a t i o n s  i n  t h e  d i g i t a l  computer have p r o h i b i t e d  f u r t h e r  

H Y B R I D  COMPUTING 

Th is  f a c i l i t y  i s  comprised o f  two E l e c t r o n i c s  Associates I n c .  (EAI)  7800 
and two EAI 680 analog consoles i n t e r f a c e d  t o  an 8192-word 1 6 - b i t  d i g i t a l  com- 
p u t e r  (Honeywell DDP-116), p lus  t h e  usual  p r i n t e r ,  p l o t t e r ,  magnet ic- tape 
u n i t s ,  d isks ,  t y p e w r i t e r ,  ca rd  reader,  and paper tape.  The analog computing 
elements such as i n t e g r a t o r s ,  summers, squarers,  switches, d i g i t a l - t o - a n a l o g  
m u l t i p l i e r s  (DAMs), d i g i t a l - t o - a n a l o g  conver te r  (DACs), and a n a l o g - t o - d i g i t a l  
conve r te rs  (ADCs) a re  corinected toge the r  t o  make t i l e  vo l tages  i r i  tli.? c i r c u i t  
rep resen t  t h e  pressures and f lows a t  va r ious  p o i n t s  i n  t h e  gas shale.  The E A I  
computers c o n t a i n  52 DAMs (which may be 11sed as DACs) aqd 48 ADCs. The f a c i l -  
i t y  a l s o  has a McNeal-Schwendler Func t ion  I r l pu t  Output Processor (FIOP), w i t h -  
o u t  which t h e  d i f f u s i o n  s i m u l a t i o n  would have been imposs ib le .  
con ta ins  64 a n a l o g - t o - d i g i t a l  i n p u t  channels and 64 d i g i t a l - t o - a n a l o g  ou tpu t  
channels each w i t h  m u l t i p l y i n g  analog i n p u t s .  

The FIOP i s  a l a r g e  one-, two-, and three-dimensional  analog f u n c t i o n  
genera tor  t h a t  l i n e a r l y  i n t e r p o l a t e s  between t a b u l a r  values s to red  i n  t h e  
4 0 9 6 - ~ o r d  memory o f  i t s  hard-wired d i g i t a l  processor.  I n  t h i s  a p p l i c a t i o n  t h e  
FIOP i s  c o n t r o l l e d  f rom t h e  d i g i t a l  computer. The f u n c t i o n  genera t ion  capa- 
b i l i t y  o f  t h e  FIOP makes i t  p o s s i b l e  t o  handle r e a l  f l u i d  p r o p e r t i e s  l i k e  v i s -  
c o s i t y  and c o m p r e s s i b i l i t y  which can va ry  w i t h  pressure.  Without i t s  64 DAM 
o u t p u t  channels we would n o t  have been ab le  t o  represent  a l l  t h e  t ransmiss i -  
b i l i t i e s  necessary t o  make t h e  s i m u l a t i o n  e f f e c t i v e .  

n iques f o r  n a t u r a l  gas, t h e  h y b r i d  cornputer program has some good f e a t u r e s  
when compared t o  o t h e r  types o f  h y b r i d  computer programs as w e l l  as t o  d i g i t a l  
computer gas d i f f u s i o n  codes. 
r e c e i v i n g  t h e  r e s u l t s ,  t h e  program appears t o  be p u r e l y  d i g i t a l .  Data i s  i n -  
p u t  v i a  punched cards o r  magnetic tape and r e s u l t s  may be r e t u r n e d  t o  a p r i n -  
t e r ,  p l o t t e r ,  o r  magnetic tape. Whi le Ne can observe t h e  i n t e r n a l  workings o f  
t h e  s o l u t i o n ,  i .e . ,  t i v e  s o l u t i o n s  o f  i n t e r n a l  pressures and f lows bo th  d u r i n g  
and a f t e r  s o l u t i o n  convergence, f o r  t h e  l a r g e  number o f  s o l u t i o n s  planned, one 
s imp ly  does no t  have t h e  t ime  t o  examine a l l  t h e  i n t e r n a l  a c t i o n .  Rather, one 
may look  a t  o n l y  the  s i n g l e  f l o w  from a r e s e r v o i r  f o r  many s o l u t i o n s  f o r  “ n i c h  
d i f f e r e q t  parameters have been va r ied .  Th? s e t  o f  these f l ows  alone w i l l  de- 
t e rm ine  t h e  c o n d i t i o n s  f o r  maxiinurn r e s e r v o i r  p roduc t i on  o r  w i l l  determine tGle 
expected va lue  and standard d e v i a t i o n  i r i  r e s e r v o i r  p roduc t i on  f o r  a known 
p r o b a b i l i t y  d i s t r i b u t i o n  o f  parameters. 

A d i g i t a l  program needs t o  be thorough ly  debugged once and then i t  r e -  
mains r e l i a b l e .  The analog computer, on the  o the r  hand, can f a i l  g r a d u a l l y  
and o n l y  i n  se lec ted  harddare u n i t s .  
s i s .  Fo r tuna te l y ,  t h e  row-column s t r u c t u r e  of  t h e  i n te rconnec t ions  of equip- 
ment i n  t h i s  mode1 a l l o w  automat ic t e s t i n g  t o  be performed r e g u l a r l y  and sys- 
temat i c a l  l y .  

Th is  dev ice  

As a problem s o l v i n g  t o o l  f o r  t h e  e v a l u a t i o n  o f  enhanced recove ry  tech -  

To t h e  user d e s c r i b i n g  a s e t  o f  problems and 

It I n i J S t  be checked on a c o n t i n u i n g  ba- 

Except du r ing  maintenance, t h e  analog i n te rconnec t ions  f o r  t h e  d i f f u s i o n  
A l l  problem changes w i t h  the  model are performed d i -  model remain untouched. 

g i t a l l y .  
computer, can be done a u t o m a t i c a l l y  by d i g i t a l  preprocessing. 

Sca l i ng  o f  va r iab les ,  a worrisome task  f o r  t h e  f i x e d  p o i n t  analog 
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I f  we compare the  product ion time, cost, and a v a i l a b i l i t y  of t k  hybr id  
computer t o  t h e  CDC 7600 d i g i t a l  coinputar f o r  t he  180-node d i f f u s i o n  model, 
advantages o f  t he  hyb r id  f o r  t h i s  a p p l i c a t i o n  become apparent. 13aSe.d ~ r l  sme 
pre l im ina ry  t e s t s  on a one-diinensi3s31 n>d?! [ 33, !i .;; 1 j 1  2 ,J,-:L-IIM m y  be 
j 0 l V . d  io  db:lilt i i  S13CJ I d ; ,  dii:’i i s  L : ~ f i p ~ - 3 h l e  t o  the  c i n t r a l  processing tims 
of t h e  same problem on t h e  CDC 7600. I f  product ion runs on the h y b r i d  compu- 
t z r  rlere run on ly  one-hal f  s h i f t  g,?- day, the operat ing costs per conput iny 
t i n e  are less than one-tenth the d i g i t a l  computer costs, which are f i g l m d  (xi 
almost three s h i f t s  o f  product ion per day. I f  the i sed h y b r i d  computer t im? 
dere t o  be quadrupled, t h e  cos t  per u n i t  t iw  probably would on l y  halve, s i f lce 
nore maintenance would be required. More important than t h e  reduced cost  per 
s o l u t i o n  i s  t h e  a v a i l a b i l i t y  o f  a computing t o o l .  Where CDC 7600 a v a i l a b l e  
t ime per day i s  ineasyred i n  minutes, t he  ava i l ab le  hyb r id  coinputer time, be ing 
appl ica-  b l e  f o r  o n l y  specia l  classes o f  problems, i s  measured i n  hours. 

PROBLEW DESCRIPTION . ~ - .  . ~ - -.  

I n  t1i12 ?9stc?rri 3::vmiarl shdles, th9z f r e e  gas present i s  lnost ly methane a t  
pressures under 40 atmospheres and a t  tsnperatdres aroiirid 38°C. The ~-eil?-- 
v o i r  model conta ins a s i n g l e - f l u i d ,  isothermal,  compressible, r e a l  gas. The 
instantaneous pressure a t  every p o i n t  i n  the  r e s e r v o i r  may be descr ibed [ 7 1  by 
the  equat ion 

The va r iab les  are defined under Nomenclature. The poros i ty ,  p ,  and t h e  perm- 
e a b i l i t y ,  k, are o n l y  func t i ons  o f  t he  x and y coordinates.  The pressure P i s  
a f u n c t i o n  of x, y, and t i v i e  t. Since temperature i s  constant, t he  compres- 
s i b i l i t y  f a c t o r ,  z, and the  v i scos i t y ,  p ,  are o n l y  func t i ons  o f  pressure. 
G r a v i t y  forces have been neglected. 

For s i m p l i c i t y  
i n  t h e  r e s t  o f  t h e  paper we w i l l  consider t h a t  z i s  u n i t y  bu t  w i l l  keep the 
pressure dependence i n  v i s c o s i t y .  
resent  

we can t r e a t  a non-ideal gas w i t h  pe r fec t  genera l i t y .  F igure 1 shows tha t ,  
f o r  methane a t  3SoC, t h i s  pressure deperlderlt term va r ies  about 13% over 3 53 
atm pressure r’dr1ye. 

ines:i o f  15 by 12 po in ts  d i t h  dl?y y n c i r i g  A x i  and B j ’  a1lo;ml. 
represer i t  d cd r tes  ian yeo net ry  or by m u l t i p l y i n g  bo& perrneabil i t y  and poros- 
i t y  by t h e  r a d i a l  d istance f r o 3  the dx i s  can represent a c y l i n d r i c a l  geometry. 
The d i f f e r e n t i a l  e q m t i o n  a t  each mesh p o i n t  i s  

Note t h a t  everywhere pressure appears i t  i s  d i v ided  by z. 

Thus by l e t t i n g  P represent P/z and IJ rep- 

” ( 1  -!$) z z 

Tile I)i*i?jsiJr:?s i n  the d i f f u s i o n  model are represented on a rectangular  
w b i i  can 

(P - P  (P T - P  I ]  
+ Ai,j++ i,j+1 i,j) - Ai,j-+ i,i i,j+1 

A Y: 

t-21 

693 



4 HYBRID COMPUTERS FOR SIMULATION OF GAS DIFFUSION I N  FRACTURED SHALE EGS-47 

The Ai++, j  
s i b i l i t i e s  s ince  tney  represent  t h e  gas f l o w  per u n i t  d i f f e rence  i n  p ressure  
squared. U n l i k e  the  d i g i t a l  coaput-  
er ,  t h e  analog computer i s  a f i x e d  p o i n t  machine and each o f  t h e  q u a n t i t i e s  i n  
t k  above eqt iat ion w s t  be scaled t o  range between zero and u n i t y .  For tunate-  
l y  tli? x a 1  i o g  c a l c u l a t i o n s  can be performed au to ina t i ca l l y  on a d i g i t a l  coinpu- 
t e r  and t h e  r e s u l t s  t r a n s f e r r e d  a u t o m a t i c a l l y  t o  t h e  h y b r i d  computer. 

F i g .  2. The f o u r  surrounding shadowed i n t e g r a t o r s  represent  e i t h e r  i n teg ra -  
t o r s  froln an i n t e r i o r  ne iqhbor inq  node o r  a DAC f rom a boundary. 
problem has 180 i n t e r i o r  nodes p l u s  54 boundary pressures;  however, t h e  ana- 
l o g  implementat ion has o n l y  20 i n t e r i o r  nodes p l u s  18 boundary pressures.  

t e g r a l  o f  i t s  c u r r e n t .  The i n t e g r a t o r  can be switched by " l o g i c "  s i g n a l s  i n  
two microseconds f rom an i n i t i a l  c o n d i t i o n  mode t o  an i n t e g r a t e  mode. The 
f low c o e f f i c i e n t s  a re  s e t  i n  t h e  d i g i t a l  t o  analog m u l t i p l i e r s  f rom values 
s to red  i n  t h e  d i g i t a l  computer. The analog vo l tage  i n t o  t h e  DAM i s  then a t -  
tenuated by t h e  f r a c t i o n  s e t  i n  t h e  d i g i t a l  word. F igures  3 and 4 h e l p  t o  
i l l u s t r a t e  how t h e  20-node s e c t i o n  o f  t h e  r e s e r v o i r  i s  used t o  so l ve  t h e  com- 
p l e t e  r e s e r v o i r .  The implemented s e c t i o n  i s  used t o  rep resen t  one-n in th  o f  
t h e  r e s e r v o i r  a t  a t ime.  The 20-node s e c t i o n  i s  connected t o  t h e  p a r t i c u l a r  
p a r t  o f  t h e  r e s e r v o i r  i t  i s  c u r r e n t l y  s i m u l a t i n g  by t h e  18 DACs sur round ing  
it. These DACs are represented  by t h e  X marks along t h e  s e c t i o n  boundar ies.  
They supp ly  t o  t h e  analog s e c t i o n  model t h e  boundary pressures p r e v i o u s l y  com- 
puted as a func t i on  o f  t ime.  A t  t h e  same t i m e  t h e  newly computed pressures on 
t h e  o u t s i d e  nodes o f  t h e  analog s e c t i o n  a re  recorded by ADCs f o r  l a t e r  p lay -  
-back t o  a ne ighbor ing  sec t i on .  I n  F ig .  3 a l l  t h e  DACs n o t  on t h e  o u t s i d e  
edge o f  t h e  l a r g e  r e c t a n g l e  enc los ing  t h e  complete r e s e r v o i r  supp ly  " f i c t i -  
t i o u s "  boundary pressures t o  t h e  analog model. The te rm " f i c t i t i o u s "  i s  used 
t o  desc r ibe  these i n t e r n a l  boundary pressures which are  r e q u i r e d  o n l y  because 
o f  t h e  t ime-shar ing  na tu re  o f  t h e  s o l u t i o n .  The o u t s i d e  DACs supp ly  " r e a l "  
boundary pressures.  I f  t h e  boundary c o n d i t i o n ,  i s  a no- f low c o n d i t i o n  then 
€he f l o w  c o e f f i c i e n t  t o  t h a t  boundary i s  s e t  t o  zero.  O f  course t h e  hardware 
DACs ( i n  F i g .  4)  supp ly  e i t h e r  " f i c t i t i o u s "  or  " r e a l "  boundary c o n d i t i o n s  de- 
pending on which o f  t h e  n ine  sec t i ons  i s  c u r r e n t l y  be ing  represented. 

The DDP-116 d i g i t a l  computer must c o n t r o l  t h e  opera t i on  o f  t h e  analog 
computer f rom t h e  t i m e  t h e  prob lem-def in ing  parameters a re  g iven t o  t h e  d i g i -  
t a l  computer u n t i l  t h e  analog s o l u t i o n s  th rough t h e  n i n e  shared sec t i ons  
repea t  those o f  t h e  prev ious  i t e r a t i o n  and t h e  des i red  ou tpu t  i s  recorded. 
means of da ta  or c o n t r o l  l i n e s  t o  each analog console, t h e  d i g i t a l  computer 
can p lace  i n i t i a l  c o n d i t i o n s  on a l l  t h e  i n t e g r a t o r s ,  s e t  a l l  t h e  f low and 
volume c o e f f i c i e n t s ,  and s e t  t h e  i n i t i a l  boundary pressures.  To p rov ide  
g rea te r  range i n  problem parameters, t h e  i n d i v i d u a l  t i m e  cons tan ts  (capac i -  
t o r s )  on each i n t e g r a t o r  can be changed over severa l  o rde rs  o f  magnitude and 
an e x t r a  ga in  o f  11.0 can be switched i n  s e r i e s  w i t h  each of t h e  DAMS rep re -  
s e n t i n g  t h e  f l o w  and volume c o e f f i c i e n t s .  Th i s  i s  u s e f u l  because t h e  volume 
of a node near a w e l l  bore may be f o u r  o rde rs  o f  magnitude sma l le r  than one a t  
t h e  f a r  end of a r e s e r v o i r  and some t r a n s m i s s i b i l i t i e s  may be over a thousand 
t imes l a r g e r  than o the rs .  

and A i , , j *+  are c a l l e d  f l o w  c o e f f i c i e n t s  r a t h e r  than t ransmis-  

The B i , j  are c a l l e d  volume c o e f f i c i e n t s .  

The analog implementat ion o f  t he  pressure  node of Eq. ( 1 )  i s  shown i n  

The t o t a l  

The i n t e g r a t o r  operates by  means o f  a c a p a c i t o r  whose vo l tage  i s  t h e  i n -  

By 
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When a p a r t i c u l a r  s e c t i o n  has been s e t  up, t h e  d i g i t a l  computer i ssues  an 
i n t e g r a t e  command. A t i m i n g  s i g n a l  every  1.2 m i l l i s e c o n d s  t e l l s  t h e  d i g i t a l  
computer t o  update t h e  pressures on t h e  18 boundary DACs and t o  sample t h e  
pressures on t h e  o u t e r  analog nodes. 
and sampl ing t h e  ou te r  analog nodes must be done one a t  a t ime.  
analog node i s  sampled, t h e  corresponding boundary p ressure  on t h e  oppos i te  
s i d e  i s  updated. 
takes  p lace .  The row boundaries a re  done be fo re  t h e  column boundar ies.  The 
lower l e f t  node i s  sampled f i r s t ,  i n d i c a t e d  by t h e  number 1, f o l l o w e d  by an 
update of t h e  corresponding lower r i g h t  pressure boundary, a l s o  i n d i c a t e d  by a 
1. The sampling and updat ing  t h a t  f o l l o w  are i n d i c a t e d  by t h e  numbers 2, 3, 
e t c .  
same t i m e  f rom t h e  beg inn ing  o f  t h e  sample p e r i o d  as they  were sampled. 
t h a t  t h e  corner  nodes are sampled t w i c e  t o  p revent  any t i m i n g  skew. 
and sampling t h e  s e c t i o n  boundar ies occur i n  s l i g h t l y  l ess  than t h e  1.2 m i l l i -  
second t i m i n g  s i g n a l  i n t e r v a l .  

The 108 
boundary pressures o f  a l l  n i n e  sec t ions ,  i n d i c a t e d  by X ' s  i n  F ig .  3 must be 
s to red  f o r  a l l  40 t i m e  per iods .  I n  a d d i t i o n  873 
words are r e q u i r e d  t o  s t o r e  t h e  f l o w  and volume c o e f f i c i e n t s  and i n i t i a l .  con- 
d i t i o n s  f o r  t h e  complete problem. I f  t h e  number o f  t ime  p o i n t s  o r  number o f  
shared sec t i ons  were increased, s to rage would inc rease u n t i l  use o f  t h e  d i s k  
would be requ i red .  
lem was l i m i t e d  t o  180 pressure  nodes and t o  40 t i m e  per iods .  
t o  be e f f i c i e n t ,  t h e  r a t i o  o f  t h e  number o f  boundary pressures t o  t h e  number 
o f  node pressures should be as smal l  as poss ib le .  I f  one node were used t h e  
r a t i o  would be 4 : 1; f o r  t h i s  problem t h e  r a t i o  i s  18 : 20. No s torage i s  
r e q u i r e d  f o r  t h e  6 i n s i d e  nodes. 

The f l o w  c o e f f i c i e n t s ,  de f i ned  i n  Eq. (3 ) ,  a re  f u n c t i o n s  of s p a t i a l  pos i -  
t i o n  i n  t h e  r e s e r v o i r  w i t h  a smal l  dependence on t h e  pressures of t h e  two su r -  
round ing  nodes. The averaqe o f  these two pressures i s  used t o  e v a l u a t e p  o r  

Th is  updat ing  o f  t h e  boundary pressures 

F i g u r e  4 shows t h e  order  i n  which t h e  sampling and updat ing  

As each ou te r  

Th is  o r d e r i n g  insures  t h a t  boundary pressures are  always updated a t  t h e  
Note 

Updat ing 

There are 40 sampl ing per iods  du r ing  each i n t e g r a t i o n  pe r iod .  

Th is  r e q u i r e s  4320 words. 

Since t h i s  would slow t h e  computation, t h e  d i f f u s i o n  prob- 
For t h e  method 

- 
s t r i c t l y ,  t o  eva lua te  P dz 

" ( 1  z - 7 n )  

A s i n g l e  two-dimensional t a b l e  o f  t h i s  f u n c t  
FIOP. It i s  c rea ted  from t h e  one-dimensiona 
t h e  pressure 

P l  + p2 
2 

The FIOP has t h e  c a p a b i l i t y  o f  m u l t i p l y  

on o f  P, and P, i s  used i n  t h e  
f u n c t i o n  o f  F i g .  2 eva lua ted  a t  

nq each o f  i t s  DAM ou tpu ts  by an 
Output Scale Fac to r  (OSF). 
t o  t h e  s p a t i a l l y  dependent p a r t  o f  t h e  c o e f f i c i e n t  be fo re  each o f  t h e  n i n e  
sec t i ons  are i n t e g r a t e d .  Dur ing  t h e  i n t e g r a t i o n  phase t h e  FIOP i s  sampl ing 
t h e  20 node pressures, us ing  49 p a i r s  o f  these pressures t o  look  up i n  t h e  
t a b l e  t h e  pressure dependent p a r t  o f  t h e  49 f l o w  c o e f f i c i e n t s .  A t  10 mic ro-  
seconds per  i n p u t  and 20 microseconds per f u n c t i o n  eva lua t i on ,  t h e  FIOP can 
update t h e  pressure dependence i n  a l l  t h e  f l o w  c o e f f i c i e n t s  every  1.2 m i l l i -  
seconds a t  t h e  same t ime  t h e  d i g i t a l  computer i s  updat ing  t h e  boundary pres- 
sures.  The FIOP i s  shown schemat i ca l l y  i n  F i g .  5. The r e s t  of t h e  DAMS i n  
t h e  s i m u l a t i o n  rep resen t ing  t h e  volume c o e f f i c i e n t s ,  a re  s e t  be fo re  each i n t e -  
g r a t i o n  phase b u t  remain w i t h  a f i x e d  d i g i t a l  s e t t i n g  d u r i n g  t h e  i n t e g r a t i o n .  

The i n t e g r a t i o n  t ime  f o r  a s i n g l e  s e c t i o n  r e q u i r e s  about 50 ms. To com- 
p l e t e  t h e  r e s e r v o i r  r e q u i r e s  450 ms. A one-dimensional d i f f u s i o n  model i n  
which 6 nodes were t ime-shared t o  so l ve  a 12-node problem r e q u i r e d  15 i t e r a -  
t i o n s  f o r  t h e  pressures t o  converge. We have no t  been ab le  t o  measure t h e  
number o f  i t e r a t i o n s  r e q u i r e d  f o r  convergence o f  t h i s  two-dimensional model i n  
t i m e  f o r  i n c l u s i o n  i n  t h e  symposium proceedings, b u t  we es t ima te  i t  w i l l  r e -  
q u i r e  f rom 15 t o  30 i t e r a t i o n s .  Thus a s o l u t i o n  should be completed w i t h i n  15 
seconds. As w i t h  any d i f f u s i o n  problem, t h e  s imu la ted  t imes of i n t e r e s t  may 
range from a few hours t o  many years.  Time s c a l i n g  t h e  problem determines t h e  

The-49 OSFs o f  t h e - f l o w  c o e f f i c i e n t  DAMS a re  s e t  
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6 HYBRID COMPUTERS FOR SIMULATION OF GAS DIFFUSION I N  FRACTURED SHALE EGS-47 

number o f  days represented by the 50 milliseconds of analog computing time. 
If one is interested in the initial pressure distribution forming around a 
fracture, well bore, or explosive jet hole, a time scaling of 1 day/ms might 
be used. If one is interested in the reservoir flow over a 55-year period, a 
scaling of 500 dayslms might be used. A second problem can be started using a 
different time scale and initial conditions from the end of the first problem. 

CONCLUSION 

We have determined that the hybrid computer is a cost effective simula- 
tion tool for two-dimensional gas diffusion problems. 
curacies of a few per cent, more than sufficient for the knowledge of the ac- 
tual reservoir paryeters, and can produce the large quantities of solutions 
necessary to do large parameter studies, probable production estimation, and 
optimization. 

As soon as the final testing of this model is complete, one of the first 
uses will be the optimization of lengths, diameters, and spacing of jet- 
-penetrated holes off a well bore. Figure 6 shows a potential use of the 
holes formed perpendicular to the well bore at various depths to increase gas 
flow. This problem, while three-dimensional, can be broken into several two- 
-dimensional problems. Since it is an optimization problem, the complete 
study will require a large number of solutions which the hybrid computer can 
handle easily. 

Precisely because the hybrid computer can produce copious solutions, an 
obvious problem arises: 
use it. Thus our immediate plans include the development of software to 
transform geophysical descriptions of a reservoir including uncertainties, 
probability distributions, and optimization parameters into many sets of data 
scaled for the hybrid computer model to obtain the set of flow solutions 
necessary to answer a particular problem. 

It can provide ac- 

How to supply it meaningful data as fast as it can 

NOMENCLATURE 

Var i able 

P 

Z 

Name 

pressure 

compress 
factor 

- 

Q 
k 

U 

Aif+, j y A i  

B i  ,j 

bility 

porosity 

permeability 

vi scos i ty 

space coordinates 

time 

indices on x and y 

node spacing along 
x and y 

pressures affecting 
a flow coeffjcient 

flow coefficients 

volume coefficient 
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Description Units 

atmosphere 

real to idea 
gas density ratio 

pore void fraction 

meter2 = 10l2 darcy 

atm day = 8.64 x 
1 0 ’ ~  centipoise 

meter 

days 

meter 

atm 

m2/atm-day 

m-2 
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FIGURE CAPTIONS 

FIGURE 1. 

FIGURE 2. 

FIGURE 3. 

FIGURE 4. 

FIGURE 5. 

FIGURE 6. 

P dz Plot of f(1 - 
dependent term. 

Analog implementation of a pressure node. 

Illustration of the 9 reservoir sections which are time-shared by 
the 20-node analog implementation represented in Fig. 4. The X 
marks represent the DACs that supply boundary pressures. 

Representation of the 20 implemented pressure nodes, one of which 
is shown in Fig. 2. The X marks represent those in Fig. 3. The 
numbers pointing to the outside pressure nodes and the 
surrounding DACs show the order o f  sampling and updating the 18 
pressures as time progresses. 

Diagram of the FIOP, used to supply the pressure dependent 

parameter :(' - 
Jet penetrated holes from well bore into gas shale. Optimum 
spacing, length, and diameters to be determined. 

@) vs. P for methane illustrating the pressure 

P dz 
to all the flow coefficients. 
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FIGURE 3 FIGURE 4 
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DEVON I A N  SHALE EVALUATION I N ST I MULAT I ON 
FLU I D  RECOMMENDATI OPIS" 

D. E. Simon and A.  R. Jennings, Jr. 
Halliburton Services 

ABSTRACT 

With the current emphasis on stimulation treatments in the Devonian Shale, much concern has 
arisen involving the compatibility of the Shale and the fluids used for stimulation. 
determined by laboratory tests that the Shale has considerable amounts of clays dispersed throughout 
the formation. 
feasible fluids t o  use for Devonian Shale stimulation. 

It has been 

However, aqueous base fluids used with or without foam are the most economically 

Due to the low reservoir permeability and other characteristics of the Shale, large volume treat- 
ments appear necessary to effectively achieve economic results in the Devonian Shale. 
volumes emphasize the importance of formation compatibility with the selected treating fluid. 

These large 

Petrographic analysis of Devonian Shale samples and scanning electron microscope (SEM) examination 
of core pieces subjected to various aqueous fluids provide information concerning the water sensitiv- 
ity of the Devonian Shale in Wayne County, West Virginia. 
samples from other areas become available. 

Similar tests can be conducted as Shale 

*Paper not available at time of publication. 
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John B. Patton 
Indiana Geological Survey 
Bloomington, Indiana 

ABSTRACT 

The Indiana Geological Survey's resource project has made these first-year contributions regard- 
ing Indiana to the overall Eastern Gas Shale Project: 
data f o r  stratigraphic studies; (2) three maps of oil and gas shows in about 1,400 wells above, in, 
anc' below the New Albany Shale; ( 3 )  11 cross sections of New Albany Shale and equivalents; (4) 
structure maps on the base and the top of the New Albany Shale; (5) an isopach of the New Albany 
ipterval; (6) descriptions and some physical tests on one ERDA-sponsored oriented core and two new 
Survey cores; (7) one lineament map of area underlain by the New Albany Shale; and (8) tooling-up 
with personnel and equipment for geochemical, petrographic, mineralogic, and physical character- 
izations of carbonaceous shales. 

(1) map of 3,400 locations of wells providing 

GEKERAL GEOLOGY 

A major effort, the foundation for all the stratigraphic studies of the New Albany Shale in 

From this data base, 109 geophysical logs were selected to prepare five north- 
Indiana, was the preparation of a map showing the locations of 3,400 wells giving information useful 
to the total study. 
south and six east-west stratigraphic cross sections that subdivide the New Albany into four members, 
in ascending order: the Blocher, the Sweetland Creek, the Grassy Creek, and the Hannibal (Bassett 
and Hasenmueller, 1977). 

Based on 1,400 well records in the Illinois Basin and 400 well records in the Michigan Basin, 
structure contour maps were prepared on the base and top of the New Albany, as well as an isopach 
map. 
Indiana to a known maximum of 337 feet in southwestern Indiana. The formation dips southwestward 
20 to 30 feet per mile near the outcrop, but the dip increases basinward to 40 to 60 feet per mile. 
In the Indiana part of the Michigan Basin, strata equivalent to the New Albany reach a thickness of 
at least 348 feet in Lagrange County; the beds dip northward about 20 feet per mile beneath a cover 
of glacial drift and Mississippian Coldwater Shale. 

The New Albany ranges from about 90 feet in thickness along its outcrop in south central 

Gas shows were reported for about 6 percent of the 1,400 wells that penetrate the New Albany 
Nearly all fields 

No correlation has been found between gas 

Shale in Indiana, but only 10 gas fields have resulted from drilling activity. 
are now abandoned except for a one-well fieid in Daviess County. 
oil and gas shows above, in, and below the New Albany. 
production and structure. 

Three maps have been prepared of 

LINEAMENT ANALYSIS 

Both high-altitude photography and LANDSAT imagery are being used to define linear features at 
the surface in Indiana within the area underlain by the New Albany Shale. 
points of each lineament are being digitized so that their orientations can be calculated by com- 
puter program. 

The locations of the end- 
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2 CARBONACEOUS SHALES OF INDIANA AS SOURCES OF ENERGY, PETROCHEMICALS, AND CERAMIC EGS-49 
MATERIALS: FIRST ANNUAL PROGRESS REPORT 

The lineament mapping is not completed, but the lineaments mapped within the part of Indiana 
contained on the Danville, Indianapolis, and Vincennes 1' X 2' quadrangle maps show remarkably simi- 
lar bimodal orientations, with the principal modes being oriented 90' apart at 45' - 225' and 135' - 
315' (Fig. 1). Histograms comparing lineament length to frequency of occurrence show a log normal 
distribution (Fig. 2 ) .  The orientations of fractures measured on the one oriented core drilled in 
Indiana, the Energy Resources of Indiana, Inc., Phegley Farms No. 1, show a strong unimodal orien- 
tation, which differs from one mode of the lineaments by only about 10 degrees (Fig. 1). 
ence is small enough to be within the error of measurement of the fractures. 

The differ- 

PHYSICAL CHARACTERIZATION 

Shore hardness, bulk specific gravity, porosity, and sonic velocity measurements have been made 
on samples from the Phegley No. 1 oriented core, Sullivan County. Additional physical testing will 
be completed after construction of necessary jigs for a testing machine. 

MINERALOGY AND PETROGRAPHY 

Mineralogic and petrologic characterizations of newly acquired cores and samples from quarries 
have been initiated. 
study of one core each from Marion and Sullivan Counties and preliminary descriptions of two ad- 
ditional cores from Marion County. 
Kentucky, and Illinois in descending order are the Hannibal, Grassy Creek, Sweetland Creek, and 
Blocher. 

Notable results include detailed descriptions based on binocular microscopic 

The four stratigraphic members recognized in Indiana, western 

Although the chosen members are recognized on the basis of differences observed in geophysical 
logs, the members can be differentiated generally on the variable contents of the two distinct litho- 
types that comprise the major part of the formation, namely brownish black mudstone or shale rich in 
organic material and a softer greenish gray mudstone or shale poor in organic content. 
vary in silt and clay contents within a vertical section and from place to place. 
them also are numerous thin graded or sharply defined laminae composed of minor minerals. 
ponents of the two types are the same except for organic matter that may comprise 20 percent or more 
of the black type. 

Both types 
Alternating with 

The com- 

Texturally the New Albany ranges from massive to laminated and fissile. Although porosity is 
generally less than one percent, fractures and some of the thin but relatively coarse laminae pro- 
vide locally increased porosity. The fractures are generally oriented NW-SE (Fig. 1) and many are 
healed with carbonates. 
clayey shale are usually sharp, but some show load casts and irregularities. 
brownish beds and black shale are highly irregular. 
prising light colored beds, lenses, or laminae 1 to 30 mm thick may be sparse or abundant, but 
rarely make up more than 10 percent of any meter of thickness. A few relatively thick coarse-grained 
beds exhibit graded bedding and rarely show small scale scour features. Several types of coarse beds 
have been recognized: round white to clear quartz sand; a combination of pyrite and quartz sand, with 
or without organic matter; a combination of pyrite and carbonate grains and quartz sand; and coarsely 
crystalline carbonate (sparite) that may be dominantly dolomite (possibly ankerite) or calcite or a 
mixture. The last type is most common near the base of the New Albany Shale. 

Some fractures are slickensided. Contacts between silty beds and finer 
Many contacts between 

Discrete thin layers of coarse material com- 

X-ray diffraction analyses of whole, unashed bulk samples (Fig. 3 )  reveal that the black mud- 
stones contain the clay minerals illite (2M polymorph) and chlorite in a weight ratio roughly 2:l and 
accessory mixed-layer clay minerals and kaolinite; also X-ray analysis reveals the non-clay minerals 
to be quartz, pyrite, marcasite, dolomite, and minor calcite and feldspar. Quartz is the dominant 
mineral. 
are similarly composed mineralogically but contain relatively more mixed-layer clay minerals. 

Pyrite and marcasite are closely associated with each other. The greenish gray mudstones 

Pyrite and marcasite are the most common accessory minerals, comprising a high percentage of 
some thin beds or laminae. These minerals are also present as tiny disseminated crystals, irregular 
blebs, nodules, and as a cementitious component Of some coarse-grained bdds. 
barite, fluorite, apatite, and sphalerite have been noted. Part of the iron sulfide may have formed 
in the early stages of sedimentation, but part was formed by post-depositional diagenetic processes. 
The force of the crystal growth of diagenetic pyrite in some instances pushed surrounding laminated 
sediments outward into small dome-like structures. 
by banded calcite laminae and corrugated calcite veinlets. 

Very minor amounts 4 

One large pyrite nodule was seen to be bounded 
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Fossils are generally sparse throughout the formation and may be found individually disseminated 
or more frequently as assemblages confined to thin beds. 
coidal resinous spores (Tasmanites) but also include plant fragments (commonly vitrainized) and cono- 
donts, linguloid brachiopods, conulariids, and gastropods. Burrows and trace fossils are rare; the 
burrows observed are usually filled with green fine-grained materials, and some are replaced by iron 
sulfides. 
the formation. 

The fossils are dominated by amber dis- 

Green galuconite pellets are found, though sparsely, especially in the upper parts of 

A sample of approximately 20 kilograms of chunks of the Blocher Member exposed at the Harding 
Street quarry of the American Aggregates Co. in Indianapolis was collected and processed as a refer- 
ence sample for mineralogic and geochemical studies. 

Studies of thin sections have just begun, but, interestingly, observation of some thin sections 

Some scanning electron micrographs 
with cathodoluminescexehas disclosed a surprising amount of feldspar in some coarse laminae. 
method also readily reveals microfractures and other structures. 
have been obtained. 

The 

GEOCHEMICAL CHARACTERIZATION 

Analyses to determine the major components of our reference sample of high organic-content New 
Albany Shale from the Harding Street quarry, Indianapolis, have revealed that mixing was probably 
adequate for the major minerals but some variability may exist for carbonates and sulfides. This 
might have been anticipated because splits were made at particle size of 100 percent less than 8 mesh 
to provide samples for Fischer assay. Averages in weight percent, on the as-prepared basis, of 
duplicpe determinations+for each of six splJts of our referencg samples are as fqllows: Si02, 

+ 50.34 - .15; Tig2, 0.88 - .01; Al2O3, 14.38 - .08;+Fe 03, 3.83 - .04;+MnO, 0.034 - .002+ MgO, 2.59 - 
.Oh; $aO, 3.06 - . 05 i  Na 0, 0.55 f+.O2; K20, 4.5$ - .82; P 0 
1.27 - .06; S, 1.56 - .03; C, 9.0 - .l; H, 1.34 - .06; total Fe is as Fe203; vagiations are for - one 
standard deviation. 

0.102 - .001; CO , 3.77 - .18; H2q-, 2 5' 

Several techniques of sample digestion have been investigated to provide an adequate solution to 
be used with an inductively-coupled-plasma, optical-emission-spectrometer that has been received but 
as of this writing has not been installed. 
€or wet-ashing and refluxing in the same vessel as for hydrofluoric-aqua-regia dissolution. Experi- 
ments on yields with the vessel have proved encouraging. 

A new type of Teflon (TM) bomb was designed t o  provide 

Standard solutions of elements to be determined have been prepared for use with the spectrometer 
and for atomic absorption spectrometry. 
ferences by elements to be determined by other means. 

Some of these solutions will be used to investigate inter- 

Tabulation of material resources for the study has revealed that about 640 samples from 23 cores 
are already available in addition to those to be obtained from three newly drilled cores (Fig. 4). 
Two of these cores were drilled by the Indiana Geological Survey. Gas samples collected in valved 
surplus Navy powder cans from one of the Survey's cores are under study by the Organic Geochemistry 
Group at Indiana University. 
separately. 

Results of this and other organic 
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CARBONACEOUS SHALES OF INDIANA AS SOURCES OF ENERGY, PETROCHEMICALS, AND CERAMIC EGS-49 
MATERIALS: FIRST ANNUAL PROGRESS REPORT 
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Figure 1. Map of Indiana with rose diagrams showing orientoations of lineaments 
for the Danville, Indianapolis, and Vincennes 1 0 X 2 quadrangles. 
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6 CARBONACEOUS SHALES OF INDIANA AS SOURCES OF ENERGY, PETROCHEMICALS, AND CERAMIC EGS-49 
MATERIALS: FIRST ANNUAL PROGRESS REPORT 
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F i g u r e  3.  P o w d e r  diffractoateter traces c o m p a r i n g  m i n e r a l o g y  of the green and black 
shales of the New A l b a n y .  
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Figure 4 .  Map of Indiana showing locations of cores of the New Albany Shale on f i l e  
a t  the Indiana Geological Survey. 
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CHARACTERIZATION OF DEVONIAN SHALtS  USING 
LASER PYROLYSIS-GAS CHROMATOGRAPHY 

Nicholas E. Vanderborgh, J.M. Williams, 
E.M. Wewerka and J.P. Bertino 

Los Alamos Scientific Laboratory 
University of California 
Los Alamos, NM 87545 

TECHNICAL UTILIZATION OF THE DEVONIAN SHALE RESOURCE FOR HYDROCARBON SUPPLIES 
REQUIRES INCREASED UNDERSTANDINGS OF THE SOURCE ROCKS AND OF MECHANISbE THAT 

THE PRODUCTION OF MMlRANE FROM THESE MATE=, LEGS IS KNOWN ABOUT TAE NATURE 
OF TRE SOLID ORGANIC CONSTITUENTS AND THE BEHAVIOR OF THESE MATERIALS DURING 
THERMAL PROCESSING. 
PULSED LASER HEATING RESULTS IN A RAPID DEPOSITION OF PRECISE QUANTITIES OF 
THERMAL ENERGY INTO SELECTED SHALE VOLUME SM'iMENTS. THE LASL PROGRAM, PART 
OF MERC'S EGSP, To UTILIZE LASER INDUCED PYROLYSIS FOR THE RAPID DETERMINATION 
OF THE TYPES AND AI " !E  OF ORGANIC CONSTITUENTS IN VARIOUS SHALE W L E S  WIU 
BE DESCRIBED 

LEAD TO GAS AND/OR OIL PRODUCTION. ALTHOUGH SOME CONCEPTS NOW ACCOUNT FOR 

INTRODUCTION 

Enhanced technical utilization of the natural gas resource contained with the Devonian shales 
underlying much of the Eastern United States requires new understandings of these source rocks and 
of mechanisms that eventually lead to gas and oil production. It is generally agreed that these 
formations consist of an organic fraction, thought to be a coaly type material( 1 ), dispersed 
throughout a silicate matrix. Methane and other low-molecular weight gases are contained, prob- 
ably dissolved, in the organic fraction. 
only the creation of new flow paths, but also methods to promote gas dissolution. 
fact, studies of the organic constituents of these shales have begun using the method of laser 
pyrolysis( 2). 

then separating these using chromatographic techniques, is a well described approach to analyzing 
samples which exhibit low vapor pressures at usual temperatures. Pyrolysis processes of large 
organic moities are complicated. Typically, during pyrolysis, different regions of the sample 
experience different temperatures. 
butions emanating from discrete regions at distinct temperatures. 
complicated fragmentation pattern. 
upon sample size and geometry. 
approaches have been proposed( 3 ) .  Laser pyrolysis is one of these newer methods( 2 ) . 
well defined sample regions. 
rapidly heat a small volume of sample. 
mately 103 6 . )  leads to a rapid temperature rise and, then, a high temperature degradation. 

Drainage of gas from this type of system may require not 
Because of this 

Pyrolysis chromatography, heating a solid material to degrade it into smaller fragments and 

These temperature variances lead to different product distri- 
The overall result is a highly 

The distributions of various pyrolysis fragnents depend markedly 
To circumvent this type of problem, several analytical pyrolysis 

Pulsed lasers offer a convenient power source to deliver intense, short bursts of power into 
In the experiments described here, a focused laser beam is used to 

This heating (the pulse width of the laser event is, approxi- 
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2 CHARACTERIZATION OF DEVONIAN SHALES USING LASER PYROLYSIS-GAS CHROMATOGRAPHY EGS-50 

Depending upon the  degree of focus, very high temperatures can be obtained. 
temperatures are reached (temperatures i n  excess of 5,OOOK), par t  of the  sample i s  converted in to  a 
high temperature plasma. 
sampling volume( 4 ) . Upon the  termination of the  l a s e r  eve&, t h i s  atomic ensemble quenches in to  
a series of low molecular weight gases. 
plasma products. Other pa r t s  of t he  sample see l e s s  vigorous conditions. Products emanate from 
those regions through several processes, bobably  the  most important of these i s  degradation 
resu l t ing  from the  acoust ical  shock wave generated by the  laser burst. Attenuation of t h i s  wave 
results i n  the  rupture of cer ta in  bond types. 
of higher-molecular weight products. 
shock products. 
from more conventional pyrolysis-chromatography(2 ). 

simplified since th in  sect ions and solution-deposited films, required f o r  contemporary hot-wire 
pyrolysis, a re  not necessary. 
ments. Measurements could be made down-hole, for  instance. Second, analysis  of surface conditions 
i s  straightforward. In  f a c t ,  unless special  care i s  taken t o  penetrate t he  surface, t h i s  technique 
emphasizes chemical states of surfaces of sol ids(  2 ) .  Third, one can examine unique regions through 
regions of known inhomogenities of a geological sample. 
nature of organic material e i the r  along a core sect ion o r  i n to  a core sample. None of these pos- 
s i b i l i t i e s  e x i s t  with more conventional pyrolysis-GC. 

MPERIMENTAL 

If these elevated 

Such a high temperature ensemble mirrors the  atomic composition of the  

Those components of t he  pyrolysis pa t te rn  are cal led the  

This bond rupturing process then leads t o  a se r i e s  
This port ion of the  pyrolysis  pa t te rn  i s  cal led the  thermal 

It should be emphasized t h a t  t h i s  type of thermal processing i s  qui te  d i f fe ren t  

The technique O f  laser heating leads t o  several d i f f e ren t  poss ib i l i t i e s .  F i r s t ,  sampling i s  f a r  

Also, sampling can be done i n  a var ie ty  of d i f fe r ing  sampling environ- 

For instance, one can invest igate  the  

A schematic of the  apparatus designed f o r  these Devonian shale s tudies  i s  shown i n  Figure 1. 
The pyrolysis  i s  done using a pulsed l a se r  device (shown i n  the  center of the  Figure) t h a t  deposits 
energy in to  a sample contained within a chamber connected d i r ec t ly  t o  the  necessary ana ly t ica l  
instrumentation. 
of pyrolysis  fragments. 
graph. 
metric determination of each component. 
the  type of fragment) and quant i ta t ive ( iden t i f i ca t ion  of the  amount of fragment) information. 
Also, t he  mass spectrometer w i l l  permit measurement of s i m i l a r  chemical species t h a t  contain d i f f e r -  
ent  isotopic  composition. 
from methane containing the  carbon isotope of mass number 13, 
important i n  experiments t h a t  examine adsorption-dissolution phenomena. 

I n i t i a l  studies, reported here, u t i l i z e  much of t h i s  instrumentation. A photograph of t he  ex- 
perimental arrangement i s  shown i n  Figure 2. The laser power 6Upp1y i s  shown t o  the l e f t  of the  
laser-gas chromatograph. Laser l i gh t ,  generated with a N d  pulsed laser, i s  directed through a quartz 
focusing lens  (50 mm foca l  length) and onto a ample  contained i n  the  sampling chamber. (The laser 
i s  positioned horizontally, unlike the  v e r t i c a l  o r ien ta t ion  shown i n  Figure 1.) 
ducts are then l ed  in to  the  gas chromatograph. 
system (not  shown). 

onto a discre te  region of t he  sample. 
dimensions. 
indicated by using a second, low-power laser. This source, 3.0 tnw, HeNe, CW, i s  positioned t o  the  
rear of the  main laser op t i ca l  t r a in .  Generated l i g h t  i s  fed through the  Optic6 of the  main laser 
op t i ca l  t r a i n  and then through the  focusing lens. 
region t h a t  w i l l  be interrogated by the  pulsed l a se r  beam. 
laser-induced pyrolysis  a unique technique. 

(Quartz i s  more r e s i s t an t  t o  f rac tur ing  than i s  glass.) 
i n  Figure 4. 
Carr ier  gas en ters  the  chamber through the  1/8 in. tubing ( top  of figure) and exhausts i n to  the  
gas chromatograph through the  1/16 in. s t a in l e s s  steel tubing (bottom). 
a r e  u t i l i z e d  t o  minimize the  dead volume of the  chamber. 
heated t o  250°C during measurements t o  prevent the  condensation of pyrolysis  fragments within 
the  t r ans fe r  l ine.  

This ' I  on l ine" configuration permits the  d i r ec t  recovery of very small mounts 
The laser event serves as a rapid in jec t ion  of the  sample in to  the  chromato- 

Following separation on the  chromatographic column, analysis  i s  completed by a ma66 spectro- 
This system w i l l  give both qua l i ta t ive  ( iden t i f i ca t ion  Of 

For instance, normally occurring methane could be readi ly  distinguished 
This type of d i s t inc t ion  w i l l  be 

The pyrolysis pro- 
This instrument u t i l i z e s  a d i g i t a l  data analysis  

Figure 3 shows the focusing lens  holder. This device posi t ions the  quartz lens  t o  s t ee r  the  beam 
The lens  can be moved precisely and reproducibly i n  three  

The locat ion of t he  sampling volume ( t o  within a s p a t i a l  d i s t inc t ion  of 0.05 cm) i s  

In  t h i s  way a focused spot illuminates the  exact 
It i s  t h i s  aspect of sampling t h a t  makes 

The sampling chamber f o r  these i n i t i a l  s tudies  cons is t s  of a short  segment of quartz tubing. 
A photograph of the  sample assembly i s  shown 

This top view shows the  same lens  assembly (Figure 3 )  t o  t he  l e f t  of the  quartz tube. 

Specially modified f i t t i n g s  
The 1/16 in. t ransfer  l i n e  i s  normally 

(Heat tapes  have been removed f o r  t h i s  photograph.) 

Analysis Consists of packing a sample fragment in to  the  quartz tube. Ei ther  fragments (ch ips)  Or 
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consolidated powders can be u t i l i zed .  
readi ly  determined by the  absence of pressure i n  the  sampling chamber. The l a se r  i s  then prepared 
f o r  f i r ing .  
car r ied  out. Simultaneously, the  laser i s  f i r ed ,  t he  chromatographic data  system i s  i n i t i a t e d  and 
the  tempereture programming i s  begun. 
the  sample chamber so t h a t  another sample can be made ready f o r  analysis  while the f irst  i s  s t i l l  
being processed. 

Pyrolysis products consis t  of a wide range of differing-molecular-weight products. These can 
range from H2 ( 2 )  o r  CH4 (16) t o  high molecular weight fragments (7300) ,  l imi ted  by the  requis i te  
vapor pressure need fo r  chromatographic separation. Analysis has been successful using a high per- 
formance column of CIS on Poras i l  C. This column i s  f i r s t  maintained at  -1OOC f o r  t he  separation 
of low molecular weight compounds and then temperature programmed t o  22OoC f o r  the  eventual separa- 
t i o n  of higher molecular weight fragments. 
spectrometric instrumentation. That w i l l  be added during the  coming months. 

The hydraulic connections a re  re-established; leaks a re  

Final  focusing and power adjustments a re  made and required safety procedures a re  

Using valving, not shown, the  car r ie r  gas can be routed around 

Presently the  analysis  system does not include mass 

RESULTS AND DISCUSSION 

The sampling of complex geological material such as Devonian shales f w  organic compounds i s  
not straightforward. 
s ib le ,  One can grind and blend a sample, and then, a f t e r  pressing t o  obtain a uniform density, 
pyrolyze the  pe l le t ized  sample. 
t h a t  a more representat ive sample may be avai lable  since various averaging procedures can be 
u t i l i z e d  during preparation, 
of low molecular w e i g h t  compounds. 
samples (cores, f o r  instance) using a minimum amount of grinding and, i n  general, using conditions 
t h a t  would lead t o  the  smallest removal of po ten t ia l ly  l a b i l e  organic species. 
proaches are under invest igat ion and addi t ional  work will be necessary t o  define adequate sampling 
procedure 6. 

A representat ive laser pyrogram obtained by the  deposition of 5 J of l a s e r  energy in to  a small 
section of Devonian shale i s  shown i n  Figure 5. The sample w a s  taken from a core removed from Lin- 
coln County, W.Va. a t  a depth of 1093 m. 
a flame ionizat ion detector  and consequently emphasize hydrocarbon products. 
conditions are l i s t e d  i n  the  legend t o  Figure 5. 

laser degradation of these shales. Data taken under somewhat similar conditions using a thermal 
conductivity detector  showed a var ie ty  of products. 
small f r ac t ion  of the  t o t a l  as hydrocarbon compounds. 
the thermal-conductivity-pattern fragments i s  not cer ta in ly  known, one can deduce t h a t  these species 
must consis t  of CO, C02, H2, H20 and, possibly, hydrosulfur compounds. Consequently, it must be 
emphasised t h a t  Figure 5 only shows hydrocarbons resu l t ing  from l a s e r  pyrolysis  i n  these shale 
samples. 
spectrometric instrumentation i s  operational. 

represents t he  quantity of methane produced by the  pyrolysis  event. 
gest  ( 6) t h a t  l i t t l e  methane should be produced from the quenching of a plasma with the  expected 
carbon t o  hydrogen r a t io .  Consequently, we assume t h a t  t h i s  methane most probably r e s u l t s  as a 
thermal blow of f  product which i s  thermally degraded from the  shale volume under consideration. This 
quantity of gas could r e su l t  from both the  release of desorbed methane and from methane produced 
by several pyrolysis  products. 

a C 2  hydrocarbon. 
completely eliminate the poss ib i l i t y  t h a t  t h i s  peak m q r  a lso contain some ethene (ethylene) .  The 
second peak, Peak 2, apparently represents ethyne 
made from the  comparison of measured retent ion times with those found using standard compounds under 
the  same conditions. One 
predic t s  t h a t  acetylene would be the  dominant plasma product since a high temperature ensemble con- 
ta in ing  carbon and hydrogen should r e s u l t  i n  a dis t r ibu t ion  r i c h  i n  C2& over wide ranges of carbon/ 
hydrogen r a t io .  
We must i n i t i a l l y  conclude t h a t  the  elevated ethane y i e ld  r e s u l t s  from thermal penetration in to  
the  sampling volume. 

Assuming one i s  dealing with core samples, two techniques are generally pos- 

This method has cer ta in  advantages, the  pr inc ipa l  of these i s  

However such extensive sample handling could lead t o  a severe lo s s  
The other  method i s  t o  work with segments removed from la rger  

Both of these ap- 

(Columbia Gas Well 20402). These data  were taken with 
The experimental 

There i s  strong evidence t h a t  other compounds (CO and Cog, fo r  example) do r e s u l t  from the  

This product d i s t r ibu t ion  included only a 
Although the q d i t a t i v e  nature of each of 

We shall re turn t o  invest igate  the  exact nature of these other compounds when mass 

It i s  possible t o  determine the  nature of several of the  peaks shown i n  Figure 5. The first 
Thermodynamic predict ions sug- 

The major peak, Peak 3 ,  contains approximately 112 of the  t o t a l  integrated area and represents 
We ten ta t ive ly  assign t h i s  peak t o  ethane although, at  t h i s  writing, w e  cannot 

(acetylene) ,  ( A l l  of these assignments a re  

Mass spectrometric measurements w i l l  lead t o  l e s s  ambigious assignments. ) 

Clearly, i n  these s tudies  acetylene i s . n o t  the  dominant low molecular weight gas. 

Additional experimentation i s  needed t o  ver i fy  t h i s  assumption although 
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laser  defocusing experiments tend t o  support t h i s  theory. 

high-temperature products result .  One, therefore, can ahange the thermolysis product distribution 
from one tha t  i s  dominated by plasma products (high degree of focus) t o  one that i s  dominated by 
thermal shock products (low degree of focus). Typically, a fine degree of focus (enhanced power 
density) resul ts  i n  a more emphasised distribution of lower molecular weight compounds. Data i n  
Table 1 i l l u s t r a t e  t h i s  type of behavior. 
f o r  l e s s  than 1$ of the t o t a l  area are ignored. 
and ethane-ethene, respectively. 
increase i n  Peak 3. 
focused beam. 
quantit ies of acetylene. 
as one sees significant increases i n  ethane concentration. 
preferentially depleted within the sample volume, 
found with coal Sample6 ( 5 ). 

As one, maintaining conatmt laser energy, defocuses the laser  beam, a smaller fraction of 

Here we see 11 significant peaks, peaks accounting 

One can readily see tha t  focusing the beam leads t o  a rapid 

It t h i s  were not the case, a higher temperature should produce larger re la t ive 
This data a lso  show that methane does not increase at the same time 

!Che f i r s t  three peaks represent methane, acetylene, 

This most probably r e su l t s  from a k g e r  penetration into the sample with a 

This mey suggest t ha t  methane i s  
This behavior i s  entirely different from tha t  

CONCLUSIONS 

1. Pulsed Nd pyrolysis with minimum sample pretreatment generates adequate quantities 
of products f o r  enalytical  determinations, 

2. Significant quantit ies of pyrolysis Froducts apparently r e su l t  from methane and ethane 
released by thermal degradation. 

3 .  Focused power deposition leads t o  increased ethane production. This may resul t  from 
a deeper penetration into the sample exploring regions removed from the surface tha t  
are l e s s  depleted i n  naturally occurring low molecular weight gases. 

4. Higher molecular weight components are readily apparent. These compounds may serve both 
as useful chemical markers and as component sections of the larger molecular weight 
species tha t  contain the candidate gaseous fuels. 
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Devonian Shale Pyrolysis- Effects of &focusing Nd Laser Beam Maintaining Constant 
Five J Pulse 

PEAK NUMBER DEFOCUSED BEAM PARl'IALTX FOCUSED FOCUSED BEAM 
T R $  TR z TR k 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

0.24 2.00 

0.45 2.10 

0.61 24.0 

8.71 1.30 

10.40 1.77 

12.02 11.4 

12.57 1.03 

13.75 26.3 

15.25 4.51 

16.58 1.20 

18.28 15.3 

~~ 

0.25 

0.46 

0.62 

8.57 

10.36 

11.98 

12-55 

13.74 

15.24 

16.61 

18.26 

~ 

2.54 

2.46 

26.5 

1.21 

1.59 

14.2 

1.96 

25.3 

3.66 

0.29 

16.6 

0.25 

0.46 

0.59 

8.51 

10.32 

12.02 

12.56 

13 9 73 

15.22 

16.60 

18.26 

3.66 

3.25 

47.1 

2.97 

0.80 

9.60 

0.53 

13.4 

2.13 

0.22 

15.5 

Retention times, %, are given in minutes. 

Chromatographic Conditions- Column, 1 m, 120-150 mesh, CLe on Porasil C; 
Temperature, -lO°C for 4 minutes, then 16O/minute to 22OoC. 
Nitrogen carrier, 20 ml/min. 

713 



6 CHARACTERIZATION OF DEVONIAN SHALES USING LASER PYROLYSIS-GAS CHROMATOGRAPW 

HIGH VOLTAGE 
SUPPLY AND 

SOLID STATE PULSED 
LASER AND ALIGNMENT ' 

FOCUSING CONTROLS 
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N D  HYDRAULIC 
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SYSTEM IONIZATION 

SOURCE AND 
DUADRAPOLE 
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CONTROL AND 
RECORDlkG IhTER 

P R E l A l l O N  OF 
VACUUM 
SYSTEM 

Figure 1: Laser Pyrolysis-Gas Chromatographic-Mass Spec-rometric Instrumentation 
for Rapid Characterdzation of Devonian Shale6 

Figure 2: Overall view of laser py'rolysis-gas chromatographic instrumentation. The 
pulsed laser (Apollo Lasers) deposits energy into the semple contained on 

assembly mounted on top of the gas chromatograph (Hewlett Packard) . 
714 
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Flgura 3: Cloee-up v i e w  of focusing lene. Q w t z  lens (2.54 cm diameter, 50 mm FL) 
i e  used to eteem beam onto sample located in chamber behind lens. 

Flgure 4: Sample chamber. Tube(6 mm OD) is connected to the gas hydraulic Bystem 
using Vitron O-rings. Sample in place is a polymer ca l ibra t ion  standard. 
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Figure 5: Laser Pyrogram emanating from a 5 J Deposition into a Devonian Shale 
Sample. 
l e f t  t o  right. Chromatographic conditions are l i s t e d  under Table 1. 

Time of f i r ing  i s  shown by the arrow-  time then moves from 
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D. R. Curran 
D. A. Shockey 
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Menlo Park, CA 

INTRODUCTION 

During the past few years, research at SRI International has resulted in the development of a com- 
putational fracture model, based on observed stress-wave-induced activation, growth, and coalescence 
of inherent flaws in rock and other materials. The model, called NAG (for @cleation And Growth), 
has shown promising predictive capabilities in studies with Arkansas novaculite and basalt (Shockey 
et al., 1974, 1975). The input parameters for the NAG model include inherent flaw size and orien- 
tation distributions as well as the material properties that govern flaw activation and growth. 

In this model, cracks nucleate at inherent flaws and grow until they intersect other cracks or until 
the stress vanishes. 
bution can be calculated from the crack size distribution at the time of intersection. If the stress 
vanishes before crack intersection, the material acquires a population of cracks but no fragments. 
The extent of fracture or the degree of fragmentation resulting from a given loading pulse depends 
on the number of inherent flaws that are activated by the stress and the rate at which the cracks 
grow. The fracture-controlling parameters can be determined by either (1) performing plate impact 
experiments on small specimens or (2) detonating a charge of high explosive in the material (e.g., 
a springing experiment), quantifying the resulting fracture damage, and correlating the damage with 
computed stress histories (Curran et al., 1977). 

To carry out one- and two-dimensional finite-difference calculations for predicting material fracture, 
it is necessary to know the constitutive relations that control stress wave propagation as well as 
the fracture parameters. A constitutive model may be developed from a Lagrangian analysis (Cowperth- 
waite and Williams, 1971) of stress records obtained in plate-impact experiments and from dynamic 
yield strength data. 
is then used in a wave propagation code to simulate the plate impact and springing experiments. 

This paper reviews the application of SRI's fracture model to oil shale* and outlines a program designed 
to characterize and quantify failure of the eastern Devonian gas shales under dynamic loading. 
application of the fracture model to oil shale involved four stages: 

When the cracks intersect, fragments are formed and the fragment size distri- 

This constitutive model, together with the fracture and fragmentation parameters, 

The 
(1) development of a constitu- 

* Work supported by Los Alamos Scientific Laboratory, Los Alamos, New Mexico; Sandia Laboratories, 
Albuquerque, New Mexico; and Laramie Energy Research Center, Laramie, Wyoming. 
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tive model to describe stress wave propagation in the material, (2) a series of one-dimensional 
plate impact experiments to determine a set of preliminary fracture parameters, (3) a series of 
small-scale borehole (i.e., springing) experiments designed to characterize fracture in a two- 
dimensional cylindrical geometry, and (4) computations using the constitutive and fracture models 
to predict the stress and fracture distributions in oil shale. The initial work which was done 
on 20-gal/ton oil shale, is described in Sections 11, 111, and IV. At the time of this writing, 
data from the experiments on 40-galIton oil shale were still being analyzed, and are only briefly 
described in Sections IV and V. The program proposed for the Devonian shales is discussed in 
Section VI. 

CONSTITUTIVE MODEL 

Constitutive relations for 20-galIton oil shale were determined from low-stress-level gas gun data 
obtained by LASL (Olinger, 1976). Analysis of these data, using the Lagrange analysis technique 
(Cowperthwaite and Williams , 1971) , yielded stress-volume curves for both loading and unloading. 
Additional data on compressive yield strengths were obtained from work by Johnson (1975); data on 
elastic moduli came from ultrasonic measurements by Olinger (1976) and data on very-high-pressure 
shock loading derived from work by Carter (1976). Data obtained by Schuler et al. (1976) on shock 
loading and unloading of a more clay-rich oil shale from Rock Springs, Wyoming, were compared with 
data from Rifle, Colorado. Stress-volume curves calculated separately from these various data are 
shown in Figure 1. Carter's curves are based on a linearized U -u (shock velocity versus particle 
velocity) fit to his modeling of high-pressure Hugoniot data (C&t&r, 1976). 
oil shale denisty of 2.27 g/cm3 (corresponding to an average kerogen content of 25 gallton) measured 
by SRI from core samples in determining constitutive relation parameters. 

Elastic loading and unloading moduli (both are defined by K + 4G/3; where K is the bulk modulus 
and G 
(Figure 1). 
longitudinal ultrasonic data (for propagation across the bedding planes). 
modulus from Olinger's curve fit to transverse ultrasonic velocity data, giving G = 11.8 GPa (118 
kbar), corresponding to a low-pressure Poisson's ratio of 0.233. 
yield strength of 0.21 GPa estimated from the Lagrange analysis agrees best with Johnson's data 
on Rock Springs oil shale (p = 2.25 g/cm3). With this yield strength, the initial bulk modulus 
(derived from the above loading and shear moduli) was used with Carter's high-pressure data to 
define the hydrostat. 

We used the average 

is the shear modulus) and yield strength were estimated from the Lagrange analysis results 
We found the loading moduli to be accurately represented by Olinger's curve fit to 

We derived a shear 

The assumption of a constant 

For initial solid density, pso = 2.27 g/cm3, we found it to be 

(1) 2 3 P = C p + D p  + S p y  

where, 1.I = (p/p ) - 1, C = 18.2 GPa, D = 164.8 GPa, and S = -202.1 GPa. We found the density 
dependence under compressive stress of the unloading moduli (K + 4G/3) measured from the Lagrange 
analysis to agree approximately with that obtained by allowing K to be the slope of the hydrostat 
and holding G constant and its low-pressure value of 11.8 GPa. 

The viscoelastic type of rate dependence observed in loading and unloading curves (from Lagrange 
analysis) was modeled by using larger that usual coefficients for the linear artifical viscosity 
employed in finite-difference calculations under relative compression (C = 0.15, C = 4.0) and 
tension (C = 0.05). L 
The predictive quality of the constitutive relations is illustrated by the loading-unloading curve 
shown in Figure 1. 
2.15 g/cm3> to avoid overlap with other data in Figure 1. 

so 

L Q 

We calculated this curve for an initial specific volume of 0.465 cm/g (p = 

PLATE IMPACT EXPERIMENTS 

The material parameters in the NAG dynamic fracture model are usually determined by performing plate 
impact experiments, quantifying the resulting fracture damage, and correlating the damage with the 
causative stress history (Curran et al., 1977). A gas gun accelerates an impactor plate against a 
specimen plate to produce a uniaxial-strain tensile pulse in the specimen. 
duration are controlled by the impact velocity and the plate thicknesses, respectively. 
stress history can be calculated with a one-dimensional wave propagation code if t he  constitutive 
relations for the impacting materials are known or are measured with embedded gages or rear surface 

Pulse amplitude and 
The specimen's 

7 18 



EGS-51 MCHUGH, SEAMAN, CURRAN & SHOCKEY 3 

interferometry. 

The plate impact experiments produce a variety of stress histories and a range of fracture damage. 
The threshold conditions for fracture are inferred from experiments resulting in no damage and those 
resulting in incipient damage. The fracture damage in intact specimens is revealed on polished cross 
sections and quantified by counting and measuring individual fractures. 
damage in fragmented specimens. The dynamic fracture parameters are determined by iterative computa- 
tional simulations of the plate impact experiments. 
agreement between computed and measured crack and fragment size distributions. 

A major objective in specimen design was to ensure that fracture damage occurs under one-dimensional- 
strain conditions (i-e., to minimize fracture damage produced by stress waves converging from the 
specimen's periphery). The problem of converging edge waves has been treated by Stevens and Jones 
(1972). 

Sieve analysis quantifies the 

Usually, two to four iterations give reasonable 

The effect of these edge waves was minimized by press fitting the specimen into a guard ring. 

Seven plate impact experiments using Lucite impactor plates were conducted on 20-galIton oil shale. 
The impact direction was normal to the bedding planes. The fracture parameters were estimated from 
the results of these experiments and from fracture toughness results of SLA (Schmidt, 1976). 

The critical stress for flaw activation in the 20-galIton oil shale was determined to be 15 MPa (2.18 
ksi) from the observed fracture threshold in the impact experiments. 
bution, not directly observable on polsihed cross sections of oil shale, was inferred from the quasis- 
tatic fracture toughness results of SLA and the measured fragment size distribution from one of SRI'S 
plate impact experiments. Assuming the dynamic fracture toughness to be approximately equal to the 
static toughness (i.e., neglecting rate dependence) and using Sneddon's expression for the stress 
intensity of a penny-shaped crack, we calculated the radius of the largest flaw Rmax to be 

The inherent flaw size distri- 

2 

- - ~(2) = 0.08 in. W 2 (2) 
Rmax 3 Because the volume of the plate impact specimens was about 5 cm , the concentration of largest flaws 

(those with radii of about 2 mm) in a specimen containing only one large crack would be about 0.2 
crack cm-3. 
number of flaws per cubic centimeter of size equal to or greatergthan R) must contain or lie gabove 
the point N 
distributiog curve to contain this point. 

Thus, our cumulative flaw size distribution curve N as a function of R (where N is the 

= 0.2 cm-3, R = 0.2 cm. In the preliminary model discussed here, we allowed the size 

Fragmentation was produced in one of the impact experiments, and the fragment size distribution was 
determined. 
per cubic centimeter was 176. The fragments averaged six sides; thus, the number of cracks was three 
times the number of fragments (each crack contributes to two fragments), producing a total number 
density of cracks equal to 528 cm-3. 
from their original flaw sizes. 
528 R = 0.002 cm. Figure 2 shows the assumed inherent flaw size distribution drawn through 
the two points obtained and the crack size distribution assuming three cracks per fragment, upon 
coalescence. 

The smallest fragments had radii of about 0.002 cm, and the cumulative number of fragments 

We next assumed that these smallest cracks did not grow much 
Thus, our Ng (R) curve for flaws must also contain the point Ng = 

From Figure 2 we infer that in this experiment the smallest cracks traveled shorter distances before 
coalescing than did the larger ones. 
average, traveled faster. Furthermore, the nearly parallel crack size distribution curves in Figure 
2 indicate that the relative rate of growth is a constant, 

The simplest explanation is that the larger cracks, on the 

AR - 
= 1.6, - 

R 
avg 

(3) 

where, R = 
avg 

Previous work 
growth law 

 final + Rinitial)' 
on rock fracture (Shockey et al., 1974, 1975) has shown the validity of a viscous 
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is the stress is required to maintain crack growth after a flaw is activated and 17 is the ::z:E :fi viscosity. In our preliminary model, we assume that ago is much less than the activation 
threshold stress and can be neglected. 

Equation (3)  would give 
k AR 6 -1 
R RAt - =--oo.8x10 9 , 

Thus, we estimate r) in Equation ( 4 )  by matching Equations ( 4 )  and (5): 
6 -1 5 2 0.8 x 10 s , 

47) 
where, (J in this experiment ii taken to be 15 MPa, and d << 15 MPa. 
This yields, go 

q Z 4 7  poise, 

( 5 )  

a value about half that obtained for microcrack growth in novaculite (85 poise). 
calculations reduced this value to 12.5 poise. 

The crack coalescence that leads to fragmentation of the shale is modeled as described by Shockey 
et al. (1974, 1975). Basically, after fulfilling a coalescence criterion, the cracks are used to 
form the fragments; the largest cracks make the largest fragments, the next largest cracks make the 
next largest fragments, and so on. 

Later iterative 

The discussion above presents the basis for selecting the parameters in a NAG model for dynamic 
fracture of oil shale. 
a threshold stress (I of 15 MPa (0.15 kbar), a growth law given by Equation ( 4 1 ,  and the coalescence 
and fragmentation mo%l documented by Shockey et al. (1974, 1975). 
vated flaws may be obtained from our previously developed nucleation rate equation 

That is, we assume an initial flaw size distribution as shown in Figure 2, 

Furthermore, the number of acti- 

where, Uno is the threshold activation stress, and No and dl are material properties. 
value of 0 was taken to be 47 poise. 
and these material parameters were adjusted to account for the improvements in computed stress histo- 
ries as the effects of damage-induced stress relaxation were accounted for. 

The fracture parameters were incorporated into the NAG fracture subroutine, and together with the 
constitutive relations, they were used in the PUFF wave propagation code to simulate the results of 
the experiment that produced fragmentation. 
distributions after several iterations to obtain the best values for the fracture parameters. 
final values for 20-gal/ton oil shale are listed below. 

no 

The initial 
Interative wave propagation calculations were then performed, 

Figure 3 compares computed and observed fragment size 
These 

10 MPa Nucleation threshold stress 0 

7 . 5  MPa 
-3 -1 1 Nucleation stress sensitivity 0 

Threshold nucleation rate k 1.6 x lolo cm s 

Growth threshold s tress  

Growth viscosity r) 12.5 poise 

U 0 . 5  hPa 
go 
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SMALL-SCALE SPRINGING EXPERIMENTS 

The oil shale used in these experiments was obtained from Dr. Karl Schuler of Sandia Laboratories 
and was from the Anvil Points mine in Colorado. 
20-gal/ton shale and 1.99 g/cm3 for the 40-gallton shale. 

In the first experiment on 20-galIton oil shale, a 6.35-mm-diameter (0.25-in.-diameter) hole was 
drilled to a depth of 279 mm (11 in.) along the cylinder axis and filled with a mild detonating fuse 
(MDF), as shown in Figure 3. 
plane passing through the center (Figure 3). 
confining pressure of 3.45 MPa (500 psi) was applied to simulate the overburden present in a field 
experiment. 

Afterwards, the cylinder was sectioned through the center, and 1-in. slices were cut from the bottom 
half and polished (see Figures 3 and 4). 
on the crack pattern formed by the first detonation, we repeated the experiment with the top half 
of the original cylinder under 3.45 MPa (500 psi) confining pressure. 
perpendicularly to the cylinder axis (section F in Figure 3), and the surface was polished and photo- 
graphed. 

The average initial density was 2.27 g/cm3 for the 

Strain gages were mounted on the periphery of the cylinder near the 
The cylinder was placed in a pressure vessel and a 

To ascertain what effect a second stress wave would have 

The sample was then sectioned 

Figure 5 shows the crack pattern resulting from this double shock experiment. 

We performed two experiments on the 40-gal/ton oil shale. The experimental arrangement and procedure 
were the same as those described above [a hydrostatic pressure of 3.45 MPa (500 psi) was used in both 
cases], except that (1) the explosive charge (PETN) was the same diameter as the borehole; (2) the 
borehole was stemmed at both ends; and (3) ytterbium stress gages were placed at known distances from 
the borehole. 

After detonation of the explosive, the cylinder was removed from the pressure vessel and sectioned 
perpendicularly to the axis. 
ting each section into three concentric zones of equal width centered on the borehole; (2) determining 
the length and orientation of each crack in each zone; and (3)  counting the number of cracks within a 
specifiedlength and orientation interval. Cracks with actual lengths of slightly less than 1 mm could 
be resolved and counted. 

The crack size distribution was determined for each section (1) split- 

The distribution of radial cracks for Zones 1, 2, and 3 (Zone 1 is closest to the borehole, Zone 3 is 
the furthest) from the mid-sections of the 20-gallton and from the first 40-gallton experiment are 
compared in Figure 6. Preliminary calculations suggest that the stress pulses from the explosives 
were nearly identical in both cases, and hence the agreement between the crack size distributions is 
not surprising. 

The permeability of oil shale was determined by removing a 5-cm (2-in.) diameter x 3.8-cm (1.5 in.) 
long core centered on the borehole. 
and the fluid flow rate through the cylinder wall into the borehole was measured. 
(1) 3 x darcies in the intact 40-gallton shale and (2) 8 x 10-3 darcies in the 40-gal/ton shale, 
shot once. 
These results suggest that near the borehole the permeability may be increased by about 4 to 5 orders 
of magnitude by each shot. 

It is also instructive to consider the microstructure of the oil shale. 
la and 7b were about 1 cm apart in the original sample. 
mixture of clay particles abutting the kerogen, whereas the region in Figure 7b is quite dense. 
differences in porosity and degree of cementing suggest that cracks may nucleate between grains or 
regions of differing physical properties. Figures 8a and 8b reveal cracks that have nucleated and 
propagated along grain boundaries. 
sight into the physical mechanism responsible for the formation and growth of these cracks and the 
consequent increase in permeability. 

The ends of the core were sealed, except at the top of the borehole, 
The permeability was 

The permeability of the 20-galIton oil shale, shot twice, was greater than 10 darcies. 

The regions shown in Figures 

Such 
Figure 7a shows a very porous, loosely cemented 

Examination of the oil shale microstructure therefore yields in- 

COMPUTATIONS 

The maximum stresses produced by the borehole charge of MDF in the 20-galIton oil shale (Figure3) were 
estimated by performing a "no damage" calculation (Figure 9). The hoop tensile stress, radial tensile 
stress, and axial tensile stress are shown as a function of R/Ro; where, R is the distance from the 
center of the cylinder and Ro is the initial borehole radius (3.175 mm tbour experiment). In this 
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calculation, we used the constitutive model previously developed for 20-galIton oil shale, and the 
oil shale was assumed to have infinite tensile strength (i.e., fracture was not allowed). 

The calculation indicates that radial cracks (caused by the hoop tensile stress) should extend to 
about 16 borehole diameters (10 cm or 4 in.), with the largest concentration of cracks expected with- 
in about 4 borehole diameters (2.5 cm or 1 in.). We observed radial cracks extending to 12 borehole 
diameters, with the most cracks occurring at much smaller diameters. 
that circumferential cracks (caused by the radial tensile stress) should occur at approximately 8 
borehole diameters (5 cm or 2 in.). We observed such cracks at about 6 borehole diameters (3 .8  cm 
or 1.5 in.) on section B of Figure 3.  

The calculation also predicts 

Of course, as fracture occurs the stresses are modified. Consequently, the maximum stresses predicted 
by the %o damage" calculation are likely to be an upper bound only. 
"damage" calculations using the constitutive and fracture models discussed previously. These "damage" 
calculations are iterated by (1) comparing the predicted to observed stress histories and fracture 
distributions and (2)  varying the fracture parameters until observations and predictions are similar. 

We are currently performing 

Many questions remain to be answered. 
terial (and fracture) parameters must be determined, as must the input pressure-time history. The 
next section outlines SRI's program on Devonian shales, in which we will attempt to answer some of 
these questions. 

The sensitivity of the fracture distributions to specific ma- 

FRACTURE OF DEVONIAN SHALE BY TAILORED-PULSE LOADING 

A. Introduction 

Because of the inherently low permeability of Devonian shale, any stimulation technique applied to 
it must entail some type of formation fracturing. 
been to load the rock dynamically to form multiple fractures and/or to propagate preferred fractures. 
Without a detailed knowledge of the relationships between the processes controlling rock fracture and 
the stress-time history of dynamic loading, efforts to optimize explosive stimulation are at best 
trial and error. 

A principal objective of explosive techniques has 

The SRI research program has three objectives: 

(1) The determination of the relative and absolute importance of various rock properties 
in controlling rock fracture by the dynamic pressure of loading well bores. 

The determination of the ranges of the important properties that will permit successful 
well fracturing by tailored-pulse loading, and the correlation of these ranges with 
actual values found in rocks of interest. 

(2) 

(3) An evaluation of the prospects for successfully implementing a well stimulation technique, 
based on pressure-pulse tailoring. 

The results of the research will have other applications beyond these specific objectives; the fracture 
models resulting from the research will directly apply to current or future programs for developing and 
field demonstrating a propellant-based well stimulation technique. The improved understanding of rock 
fracture and related processes will prove useful in the study and evaluation of other dynamic stimula- 
tion techniques such as the in-formation detonation of high explosives and well bore penetration with 
shaped charges. 

B. Research Program on Devonian Shales 

Because available cores of Devonian shale are limited in size, we propose a series of small-scale 
springing experiments in which cores 4 to 6 in. in diameter and about 12 in. long are cast in an 
impedance-matching epoxy. 
the reflection of the stress wave from the shale boundary. 
diameter will be filled with a charge of PETN. 

The experimental configuration of these tests will be similar to the oil shale experiments discussed 
above. 

The total diameter will thus be 10 to 12 in., and the epoxy will minimize 
A central borehole 0.125 to 0.25 in. in 

By changing the density of PETN and the borehole diameter by venting or stemming the borehole, 
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the amplitude and duration of the input pressure pulse can be controlled. 
be instrumented (stress, strain, and particle velocity gages are available), and the measured quanti- 
ties will provide valuable constraints on later computations. 
not be instrumented (but will be otherwise identical to the instrumental shots) to enable observation 
of the fracture distribution. 

Some of the samples will 

The remaining springing experiments will 

After detonation of the charge, the noninstrumented sample will be sectioned, polished and photographed. 
The length and orientation of the cracks produced in the sample will be measured, and the fracture dis- 
tributions will be correlated with the stress histories (known from the instrumented shots) to derive 
a preliminary set of fracture parameters. 

The initial set of fracture parameters will be determined by using a single, one-dimensional finite 
difference 
stresses in the material. A strain rate equivalent to the measured strain rate will be imposed on the 
test cell and the stress will be computed at each time increment. When the stress in the cell exceeds 
the threshold activation stress (which initially can be assumed to be equivalent to the spa11 strength 
determined by Olinger, 1977), the fracture subroutine will be called, and the amount of damage (or 
cracking) will be computed. The crack volume will be computed from the nucleation and growth laws 
discussed previously, and the total volume change can thus be computed from the change in crack volume 
and solid volume. The overall volume change (estimated from the stresses) will be the constraint used 
on the calculations, and the computations will be iterated until comparisons between the overall volume 
change and the volume change produced by the damage are satisfactory. This procedure will be repeated 
by adjusting the fracture parameters until the observed and predicted fracture distributions agree. 

This preliminary set of fracture parameters will then be used in a one-or two-dimensional finite dif- 
ference code (i.e., PUFF or TROTT). We shall use as many cells as required by the experimental con- 
figuration to predict the stress-time histories and fracture distributions throughout this material. 
We shall vary the parameters again until suitable agreement is obtained between the observed and pre- 
dicted quantities. 
(e.g., stress and fracture distributions) from the springing experiments to be reproduced. 

Once the shale has been characterized in this fashion, a subset of the material (and fracture) para- 
meters can be chosen for a parameter sensitivity study. Each parameter will be varied incrementally 
over some range of values (with the well bore load the same in each case), and the fracture distribu- 
tion will be calculated for each increment in the parameter by using the one-dimensional finite dif- 
ference code. 
changes in specific material parameters. 

code with a single test cell. The code includes the fracture subroutine and computes the 

The final result will be a set of parameters that allow the observed quantities 

This procedure will indicate those aspects of the failure process that are sensitive to 

Then, using the original fracture parameters, we shall perform a similar set of calculations for vari- 
ations in the well bore load (i.e., changing the pressure-time history). The sensitivity of the frac- 
ture distribution to changes in the well bore load will be determined and compared to the effect of 
variations in the material parameters. If the predicted effect of the well bore load differs substan- 
tially from the predicted effect of variations in the material parameters, we shall conduct springing 
experiments to verify these results. 

In these experiments a well bore load will be chosen from those used in the calculations. This load 
will be (1) different from the input used in the first set of springing experiments, and (2)  it will 
be expected from the calculations to yield a fracture distribution uniquely different from any dis- 
tribution that might be the result of material property variations. 

If the springing experiments 
any distribution that could be produced by variations in the material properties, they will suggest 
that specific fracture patterns may be produced by tailoring the pressure-time history at the well 
bore boundary. The results of this study may then be used to evaluate the prospects for developing 
a well stimulation technique that uses high explosive and/or propellant induced fracturing. 

(using this new well bore load) result in a fracture distribution unlike 
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FIGURE 4 CRACK PATTERN ON SECTION A 
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FIGURE 5 CRACK PATTERN ON SECTION F 
(AFTER SECOND DETONATION) 

7 2 9  



14 SRI INTERNATIONAL'S COMPUTATIONAL FRACTURE MODEL EGS-51 

b 

7 30 



WS-5 1 MCHUGH, SEAMAN, CURRAN h SHOCKEY 15 

(a) THE BOUNDARY BETWEEN KEROGEN (BOTTOM) 
AND GRAINS OF CLAY AND CARBONATE (TOP) 

(b) THIS REGION IS ABOUT 1 cm FROM THE REGION 
SHOWN ABOVE 

M P-67 O W  1 

FIGURE 7 ZOOOX MAGNIFICATION - SCANNING ELECTRON 
MICROPHOTOGRAPH OF ZOGAL/TON OIL SHALE 
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(I) 1soOX MAGNIFICATION Of 20-GAVTON OIL 
SHALE. THIS REGION IS  ABOUT 1 cm FROM 
THE BOREHOLE AND IS  FROM SECTION F IN 

(b) 130011 MAGNIFICATION OF 4&GAL/TON OIL 
SHALE. THE FRACTURE IS AN INHERENT 
FLAW (i.e. WAS NOT PRODUCED BY DYNAMIC 
LOAD1 N G 1 

FIGURE 8 SCANNING OF ELECTRON MICROPHOTOGRAPHS 
OF OIL SHALE 
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SAMPLES OF THE NEW ALBANY SHALE WERE HEATED TO VARIOUS TEMPERATURES IN THE 
RANGE FROM 50° TO 500OC. THE MAIN ORGANIC CONSTITUENTS OF THE OIL AS WELL AS OF 
THE GAS PHASES THAT WERE OBTAINED FROM THE HEATED SAMPLES WERE COLLECTED AND THEN 
CHARACTERIZED AND QUANTIFIED BY MEANS OF GAS CHROMATOGRAPHY. n-ALKANES WERE THE 

OLEFINIC ALKENES ARE PRESENT IN C 1  THROUGH C4 PRODUCTS. BRANCHED CHAIN ALKANES AND 
STERANES WERE DEGRADED MORE RAPIDLY THAN n-ALKANES AT TEMPERATURES BETWEEN 150' ABD 

WITH SAMPLE TEMPERATURE, BUT THE CONCENTRATIONS OF THE >C17 ALKANES WERE DEPLETED 
IN THE HEATED SHALE SAMPLES RELATIVE TO THE UNHEATED SAMPLE. 

MOST ABUNDANT COMPOUNDS IN THESE PHASES. ALL POSSIBLE ISOMERS-OF ALKANES AND MONO- 

300OC. THE CONCENTRATIONS OF LOW MOLECUL~R WEIGHT (cl TO c 4 )  HYDROCARBONS INCREASED 

*Laboratorio sull'Inquinamento Atmosferico del C .  N. R., Via Montorio Romano 36, 
00131 Roma, Italy 
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2 GAS CHROMATOGRAPHIC ANALYSIS 
INTRODUCTION 

EGS-52 

O r g a n i c  m a t e r i a l s  i n  s e d i m e n t a r y  s e r i e s  u n d e r g o  s e c u l a r  c h a n g e s .  I n t e n s i v e  s t u d i e s  
h a v e  b e e n  c o n d u c t e d  o f  t h e  o r i g i n  a n d  e v o l u t i o n  o f  h y d r o c a r b o n s  i n  s e l e c t e d  s e d i -  
m e n t a r y  s t r a t a  a n d  b a s i n s .  S p e c i a l  a t t e n t i o n  i n  t h e s e  s t u d i e s  h a s  b e e n  p a i d  t h e  
e f f e c t s  o f  o r g a n i c  s o u r c e  m a t e r i a l s  [ B r e g e r  a n d  Brown ,  1 9 6 2 1  a n d  d e p t h  o f  b u r i a l  o r  
t e m p e r a t u r e  a n d  p r e s s u r e  [ A l b r e c h t  a n d  O u r i s s o n ,  1 9 6 9 ;  T i s s o t  e t  a l . ,  1 9 7 1 ;  
V a s s o e v i c h ,  1 9 7 4 ;  T i s s o t  a n d  E s p i t a l i e ,  1 9 7 5 1  o n  t h e  d i a g e n e s i s  o f  h y d r o c a r b o n s  a n d  
o t h e r  o r g a n i c  s u b s t a n c e s  w h i c h  may b e  f o u n d  i n  p e t r o l e u m .  An e x c e l l e n t  r e v i e w  o f  
t h e  h i s t o r y  a n d  s c o p e  o f  i n v e s t i g a t i o n s  o f  t h e  a l t e r a t i o n s  o f  h y d r o c a r b o n s  i n  s e d i -  
m e n t a r y  e n v i r o n m e n t s  i s  i n c l u d e d  i n  a n  a r t i c l e  by  Young e t  a l .  [ 1 9 7 7 1  w h i c h  d i s -  
c u s s e s  i n  d e t a i l  a q u a n t i t a t i v e  m e t h o d  f o r  d e t e r m i n i n g  t h e  a g e s  o f  o i l s  b y  c a l c u l a -  
t i o n s  t h a t  u t i l i z e  t h e  c o n c e n t r a t i o n s  o f  c e r t a i n  h y d r o c a r b o n s  i n  t h e  o i l s .  

I n v e s t i g a t i o n s  a r e  now b e i n g  c a r r i e d  o u t  o n  t h e  N e w  A l b a n y  S h a l e  b y  v a r i o u s  s c i e n t i f -  
i c  g r o u p s .  One p h a s e  o f  t h e s e  i n v e s t i g a t i o n s  h a s  as  i t s  m a j o r  o b j e c t i v e  t h e  e v a l u -  
a t i o n  o f  t h e  p o t e n t i a l  o f  t h e  N e w  A l b a n y  S h a l e  a s  a s o u r c e  o f  g a s e s  a n d  l i q u i d  o r -  
g a n i c  f r a c t i o n s  t h a t  may b e  u t i l i z e d  t o  a u g m e n t  p r e s e n t l y  d w i n d l i n g  n a t u r a l  g a s  a n d  
p e t r o l e u m  r e s o u r c e s .  T h i s  e v a l u a t i o n  i n v o l v e s  t h e  a n a l y s e s  o f  g a s e s  a n d  l i q u i d s  
f o r m e d  b y  h e a t i n g  o r  p y r o l y z i n g  t h e  s h a l e .  S u c h  a n  e v a l u a t i o n  may f u r n i s h  d a t a  t h a t  
w i l l  c l a r i f y  some o f  t h e  a m b i g u i t i e s  a s s o c i a t e d  w i t h  t h e  i n t e r p r e t a t i o n s  o f  t h e  
a n a l y s e s  o f  n a t u r a l l y  o c c u r r i n g  o r g a n i c  m a t e r i a l s .  

F o r  e x a m p l e ,  A l b r e c h t  a n d  O u r i s s o n  [ 1 9 6 9 ]  s e l e c t e d  a t h i c k  s e d i m e n t a r y  s e r i e s  o f  
u n i f o r m  l i t h o l o g i c a l  a n d  g e o c h e m i c a l  c o m p o s i t i o n s  i n  t h e  D o u a l a  b a s i n  f o r  t h e i r  
i n v e s t i g a t i o n  o f  t h e  d i a g e n e s i s  o f  h y d r o c a r b o n s .  S i m i l a r l y ,  T i s s o t  e t  a l .  [ 1 9 7 1 1  
c h o s e  a c o n t i n u o u s  s h a l e  d e p o s i t  . o f  e a r l y  T o a r c i a n  ("180 x lo6 y r s )  a g e  i n  t h e  P a r i s  
b a s i n  f o r  t h e i r  s t u d y  o f  t h e  o r i g i n  a n d  e v o l u t i o n  o f  h y d r o c a r b o n s .  A l t h o u g h  t h e s e  
i n g e n i o u s  s e l e c t i o n s  o f  s a m p l i n g  s i t e s  p r o b a b l y  s e r v e d  t o  m i n i m i z e  t h e  e f f e c t s  o f  
v a r i a t i o n s  i n  s o u r c e  m a t e r i a l s  a n d  o r g a n i c - i n o r g a n i c  i n t e r a c t i o n s  o n  t h e  q u a n t i t i e s ,  
d i s t r i b u t i o n s ,  a n d  s t r u c t u r e s  o f  t h e  h y d r o c a r b o n s ,  t h e  c o m p o s i t i o n a l  c o n t r o l s  e x -  
e r t e d  o n  h y d r o c a r b o n s  by  b i o l o g i c a l ,  c h e m i c a l ,  a n d  p h y s i c a l  p r o c e s s e s  s p e c i f i c a l l y  
may n o t  b e  c o m p l e t e l y  r e s o l v e d  f o r  n a t u r a l  s y s t e m s  w i t h o u t  a p r e c i s e  k n o w l e d g e  o f  
t h e  r e a c t i o n s  o f  s e d i m e n t a r y  o r g a n i c  m a t e r i a l s .  F o r  t h i s  r e a s o n ,  t h e  i n v e s t i g a t i o n  
of  t h e  t h e r m a l  p r o d u c t i o n  a n d  a l t e r a t i o n  o f  h y d r o c a r b o n s  w i t h i n  t h e  N e w  A l b a n y  S h a l e  
u n d e r  c a r e f u l l y  c o n t r o l l e d  c o n d i t i o n s  may c o m p l e m e n t  p r e v i o u s  s t u d i e s  o f  t h e  g e n e s i s  
o f  h y d r o c a r b o n s .  I t  s h o u l d  b e  e m p h a s i z e d ,  h o w e v e r ,  t h a t  t h e  r e s u l t s  o b t a i n e d  o n  
h e a t e d  s a m p l e s  o f  t h e  N e w  A l b a n y  S h a l e  may n o t  b e  g e n e r a l l y  r e p r e s e n t a t i v e .  A s  
B r e g e r  a n d  Brown [ 1 9 6 2 ]  h a v e  r e p o r t e d ,  t h e  c o m p o s i t i o n s  o f  k e r o g e n s  a n d  t h e  y i e l d s  
o f  o i l  f r o m  s h a l e s  v a r y  w i t h  t h e  d e p o s i t i o n a l  e n v i r o n m e n t s  o f  t h e  s h a l e s .  

EXPERIMENTAL 

S a m p l e s .  The r e t o r t  c h a r g e s  e m p l o y e d  i n  t h i s  i n v e s t i g a t i o n  w e r e  o b t a i n e d  f r o m  a 
l a r g e  r e f e r e n c e  s a m p l e  p r e p a r e d  b y  M r .  R .  K .  L e i n i n g e r .  The  r e f e r e n c e  s a m p l e  was 
g a t h e r e d  f r o m  t h e  e x p o s e d  p a r t  o f  t h e  B l o c h e r  Member o f  t h e  N e w  A l b a n y  S h a l e  a t  t h e  
H a r d i n g  S t r e e t  Q u a r r y  o f  t h e  A m e r i c a n  A g g r e g a t e s  Company i n  I n d i a n a p o l i s ,  I n d i a n a ,  
a n d  t h i s  c o l l e c t e d  s h a l e  w a s  c r u s h e d  t o  p a s s  a n  8 mesh s i e v e .  

A n a l y s e s .  F i g .  1 i s  a s c h e m a t i c  o u t l i n e  o f  t h e  p r o c e d u r e s  u s e d  i n  t h e  a n a l y s e s  o f  
t h e  N e w  A l b a n y  & a l e  s a m p l e .  E a c h  r e t o r t i n g  e x p e r i m e n t  u t i l i z e d  a lOOg c h a r g e  f r o m  
t h e  r e f e r e n c e  s a m p l e .  The i n d i v i d u a l  c h a r g e s  were  s e p a r a t e l y  h e a t e d  i n  a F i s c h e r  
r e t o r t  t o  a s p e c i f i c  t e m p e r a t u r e  i n  t h e  50°  t o  5 O O 0 C  r a n g e .  A s t r e a m  o f  H e  p a s s e d  
c o n t i n u o u s l y  t h r o u g h  t h e  r e t o r t  a n d  a n  a t t a c h e d  s i l i c a  g e l  t r a p  w h i c h  w a s  s u b m e r g e d  
i n  l i q u i d  N2. A f t e r  e a c h  c h a r g e  h a d  b e e n  m a i n t a i n e d  a t  a s p e c i f i c  t e m p e r a t u r e  f o r  
o n e  h o u r ,  t h e  r e t o r t  s y s t e m  w a s  c l o s e d ,  t h e  l i q u i d  N2 t r a p  w a s  warmed a n d  l i q u i d  
p r o d u c t s  ( i f  f o r m e d )  were m e a s u r e d  v o l u m e t r i c a l l y  a n d  w e i g h e d ,  r e s p e c t i v e l y ,  t h e n  
s e p a r a t e l y  r e t a i n e d  f o r  s u b s e q u e n t  c h r o m a t o g r a p h i c  a n a l y s e s .  Gas Samples were 
o b t a i n e d  f r o m  c h a r g e s  m a i n t a i n e d  a t  room t e m p e r a t u r e ,  5 0 0 ,  l o o o ,  a n d  1 5 0 ° ,  2 0 0 ° ,  
2 5 0 ° ,  3 0 0 ° ,  a n d  5OO0C, r e s p e c t i v e l y .  The  c h a r g e  h e a t e d  t o  5OO0C w a s  t h e  o n l y  o n e  
t h a t  p r o d u c e d  a s i g n i f i c a n t  q u a n t i t y  o f  a n  i s o l a t e d  l i q u i d  p h a s e .  L i q u i d  p r o d u c t s  
w e r e  o b t a i n e d ,  h o w e v e r ,  f r o m  a l l  t h e  r e t o r t e d  s a m p l e s  b y  s e p a r a t e l y  e x t r a c t i n g  e a c h  
s h a l e  c h a r g e  f o r  72 h r s  u s i n g  a 3 / 1  v / v  b e n z e n e r m e n t h a n o l  s o l v e n t  i n  a S o x h l e t  
e x t r a c t o r .  The  s o l v e n t s  w a s  r emoved  f r o m  t h e  i n d i v i d u a l  e x t r a c t s  u n d e r  a s t ream 
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EGS-52- RINALDI, CICCIOLI, WIMBERG !I MEINSCHEIN 3 
of N2 gas at 4OoC, and each extract was chromatographed on silica gel using carbon 
tetrachloride (CC14), benzene (CgHg), and methanol (CH3OH) as successive eluants 
[Meinschein and Kenny, 19571. 
separated into alkane and alkene fractions by thin-layer chromatography (TLC) on 
glass plates coated with silica gel impregnated with 15% by weight of silver nitrate. 
The alkane and alkene or olefin bands were separately scraped from each TLC plate 
onto a filter and each fraction of alkanes and olefins was washed from the scrap- 
ings into a 2 ml vial with anhydrous diethyl ether. The ether was permitted to 
evaporate and the alkane and alkene residues were separately sealed with caps over 
aluminum foil covers until analyzed. Each alkane and alkene fraction was quali- 
tatively and quantitatively characterized by gas-liquid chromatography (glc) using 
a modified Varian 1400 Series Gas Chromatograph equpped with a FID detector. A 
0.2 x 200 cm stainless steel column packed with 5% by weight of PPE-20 liquid phase 
on Carbopack B as solid support was used for the temperature-programmed (10O0-30O0C 
at 4O c/min) glc analyses. 

The gas fractions collected from the Fischer retort were each analyzed by glc using 
a 0.2 x 200 cm stainless steel column packed with 1.5% by weight FFAP liquid phase 
on Carbopack B as stationary phase. The glc analysis of each 1 ml gas sample was 
carried out isothermally at room temperature. 

The CCl4 eluates of the different extracts were each 

RESULTS AND DISCUSSION 

The volumes of gas, water, and o i l  produced by heating the New Albany Shale to 
temperatures in the 50' to 5OO0C range are recorded in Table 1. These data show 
that the volumes of gas and water released by the shale increase as the temperature 
of the shale increases. No separate o i l  phase was distilled from the shale at 
temperatures of less than 5OO0C which are recorded in Table 1. 

Liquid-solid chromatographic analyses of the soluble organic fractions of the heated 
shale samples are presented in Table 2. The cCl4 eluates from silica gel are com- 
posed primarily of alkanes plus olefins. Aromatic hydrocarbons and nitrogen, 
oxygen, and sulfur containing organic compounds are the principal constituents of 
the C6H6 and CH30H eluates. As indicated in Table 2 the weights and percentage 
yields of the CCl4 fractions decrease as the retort temperatures increase, whereas 
the weights and percentage yeilds of the C6H6 and CH30H eluates increase with in- 
creasing retort temperatures. 

Organic constituents of the New Albany Shale undergo extensive thermal alterations 
at temperature 50OoC. Evidence of the extent of some of these alterations i s  
provided by the gas chromatograms shown in Fig. 2(a) and (b). The chromatogram in 
Fig. 2a represents the CCl4 eluate from silica gel of the room temperature extract 
of the New Albany Shale. The chromatogram in Fig. 2b represents the distilled Oil 
phase of the shale sample that was heated to 50OoC. The following interpretations 
may be made of these chromatograms: 

1. The alicyclic isoprenoids, pristane and phytane, which are the largest individual 
peaks in Fig. 2(a), the CCl4 eluates of the room temperature extract, are relatively 
small peaks in Fig. 2(b), the combined 500°C distillates and extract. Likewise, the 
iso-Clj alkane and certain cycloalkanes, such as steranes, are less concentrated 
in 500 C distillate and extract than in the CCl4 eluate. 

2. The C15-C20 n-alkanes, which are the most abundant n-alkanes in the CCl4 eluate, 
are significantly less abundant than the C4 to C12 n-alkanes in the 5OO0C distillate 
plus extract. 

3. A marked peak which is probably formed by pyrolysis products, appears in Fig. 2(b). 

Figs. 3(a) and (b) are gas chromatograms of the pure alkanes isolated from the 
fractions that provided the samples used to obtain the chromatograms in Figs. 2(a) 
and (b) respectively. 

These alkanes were separated from the CCl4 eluates 0 4  the room temperature extract 
and the combined 500° distillate and extract by thin layer chromatography (TLC) 
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on s i l i c a  g e l  p l u s  s i l v e r  n i t r a t e .  B e c a u s e  p e a k s  i n  t h e  c h r o m a t o g r a m s  shown i n  
F i g .  3 ( a )  a n d  ( b )  a r e  p r o d u c e d  s o l e l y  b y  a l k a n e s ,  t hese  c h r o m a t o g r a m s  p r o v i d e  a d d i -  
t i o n a l  s u p p o r t  f o r  t h e  i n t e r p r e t a t i o n s  o f  F i g .  2 ( a )  a n d  ( b ) .  As s u g g e s t e d  a b o v e ,  
p r i s t a n e ,  p h y t a n e ,  s t e r a n e s ,  a n d  i s o - C i j  a l k a n e  a r e  p r e s e n t  i n  much h i g h e r  c o n c e n -  
t r a t i o n s  i n  t h e  u n h e a t e d  s h a l e  s a m p l e  t h a n  i n  t h e  s a m p l e  h e a t e d  t o  5OO0C. A l s o  
n o t e w o r t h y  i n  F i g .  3 ( a ) a r e  t h e  r e l a t i v e  s i z e s  o f  t h e  p e a k s  o f  t h e  o d d - c a r b o n  number  
a n d  e v e n - c a r b o n  number  n - a l k a n e s i n  t h e  C15 t o  C20 r a n g e .  The  o d d - c a r b o n  number  
n - a l k a n e  p e a k s  a r e  l a r g e r  t h a n  t h e  p e a k s  o f  t h e  e v e n - c a r b o n  number  h o m o l o g s .  S u c h  
a p r e d o m i n a n c e  o f  o d d - c a r b o n  number  n - a l k a n e s  i s  commonly a t t r i b u t e d  t o  t h e  p r e -  
f e r e n t i a l  p r o d u c t i o n  o f  o d d - c a r b o n  number  n - p a r a f f i n s  b y  o r g a n i s m s .  A s  may b e  
o b s e r v e d  i n  F i g .  3 ( b )  n o  " o d d - c a r b o n  p r e f e r e n c e "  e x i s t s  i n  t h e  a l k a n e s  t h a t  were  
t h e r m a l l y  a l t e r e d  a t  5OO0C. ( T h e  p e a k s  o f  a l k a n e s  s m a l l e r  t h a n  C12 w h i c h  a p p e a r  i n  
F i g .  2 ( b )  a r e  a b s e n t  i n  F i g .  3 ( b )  b e c a u s e  t h e s e  r e l a t i v e l y  v o l a t i l e  a l k a n e s  were 
l o s t  when t h e  s o l v e n t s  were  e v a p o r a t e d  t o  r e c o v e r  t h e  h y d r o c a r b o n s  f r o m  t h e i r  l i q u i d -  
s o l i d  a n d  TLC c h r o m a t o g r a p h i c  e l u a n t s  .) 

F i g .  4 ( a )  p r e s e n t s  p l o t s  o f  t h e  w e i g h t s  o f  t o t a l  a l k a n e s ,  n - a l k a n e s ,  t o t a l  o l e f i n s ,  
i s o - c l j  ( 2 - m e t h y l h e ~ o d e c a n e ) ~  a n d  i s o p r e n o i d s  ( p r i s t a n e  a n d  p h y t a n e )  i n  mg o b t a i n e d  
f r o m  1 0 0  g o f  s h a l e  a t  s p e c i f i c  r e t o r t  t e m p e r a t u r e s  up t o  500' C .  The  d a t a  p l o t t e d  
i n  F i g .  4 ( a )  p e r m i t  t h e  f o l l o w i n g  i n t e r p r e t a t i o n s :  

1. The  d e g r a d a t i o n  o f  t o t a l  a l k a n e s ,  n - a l k a n e s ,  i s o - C l j ,  a n d  i s o p r e n o i d s  i n c r e a s e s  
as  t h e  r e t o r t  t e m p e r a t u r e  i n c r e a s e s .  

2 .  The d e g r a d a t i o n  r a t e s  o f  i s o - C l 7  a n d  i s o p r e n o i d  a l k a n e s  a r e  g r e a t e r  t h a n  t h e  
d e g r a d a t i o n  r a t e s  o f  n - a l k a n e s  a t  t e m p e r a t u r e s  a b o v e  15OoC. 

3 .  The  maximum d e g r a d a t i o n  r a t e  o f  a l k a n e s  o c c u r s  i n i t i a l l y  i n  150' t o  200°C r a n g e .  

4 .  The p r o d u c t i o n  r a t e  o f  o l e f i r s i n c r e a s e s  t o  a maximum a t  2OO0C a t  w h i c h  t e m p e r a -  
t u r e  t h e  d e g r a d a t i o n  r a t e  e q u a l s  t h e  p r o d u c t i o n  r a t e .  

5 .  The  o l e f i n i c  d e g r a d a t i o n  r a t e  e x c e e d s  t h e  o l e f i n i c  p r o d u c t i o n  r a t e  i n  t h e  200' 
t o  2 5 0 ' ~  r a n g e .  

6 .  A t  250' C .  t h e  c o n c e n t r a t i o n  o f  o l e f i n s  r e a c h e s  a minimum a n d  t h e n  i n c r e a s e s  a t  
300' C .  

F i g .  4 ( b )  s h o w s  t h e  p l o t s  o f  t h e  o d d  c a r b o n  number  C ~ J  t h r o u g h  C23 n - a l k a n e s .  I t  
may b e  o b s e r v e d  i n  F i g .  4 ( a )  a n d  4 ( b )  t h a t  t h e  i n c r e a s e  i n  o l e f i n  p r o d u c t i o n  i n  t h e  
250° t o  300°  C r a n g e  c o r r e l a t e s  w i t h  a n  i n c r e a s e  i n  t h e  c o n c e n t r a t i o n s  o f  n - C l g ,  
n-C21, a n d  n-C23 i n  t h e  same t e m p e r a t u r e  i n t e r v a l .  

D e g r a d a t i o n  a n d  p r o d u c t i o n  r a t e s  a r e  p l o t t e d  a s  t h e  p e r c e n t a g e s  o f  t h e  d i f f e r e n c e s  
o f  t h e  c o n c e n t r a t i o n s  o f  a l k a n e s  a t  room t e m p e r a t u r e  (QRT) a n d  a t  r e t o r t  t e m p e r a t u r e  
( Q T )  d i v i d e d  b y  QRT v e r s u s  t h e  r e t o r t  t e m p e r a t u r e  (TOC) i n  F i g s .  5 ( a )  a n d  ( b ) .  B e -  
c a u s e  t h e  c o n c e n t r a t i o n  o f  o l e f i n s  w a s  a minimum a t  room t e m p e r a t u r e ,  t h e  d e g r a d a -  
t i o n  a n d  i r o d u c t i o n  c u r v e s  f o r  t h e  o l e f i n s  a r e  p l o t t e d  a s  t h e  r e v e r s e  d i f f e r e n c e  
( Q T - Q R T / Q  T >  f u n c t i o n  i n  F i g .  5 ( c ) .  

A s  n o t e d  a b o v e ,  t h e  maximum d e c a y  r a t e s  o f  v a r i o u s  t y p e s  o f  a l k a n e s  ( s e e  F i g .  5 ( a ) )  
b e g i n s  i n  t h e  150'  t o  200' c r a n g e ,  t h e  t e m p e r a t u r e  r a n g e  i n  w h i c h  t h e  p r o d u c t i o n  
r a t e  o f  o l e f i n s  i n c r e a s e s  t o  a maximum ( s e e  F i g .  5 ( c ) ) .  A r a p i d  d e c r e a s e  i n  t h e  
c o n c e n t r a t i o n  o f  o l e f i n s  o c c u r s  b e t w e e n  2000  a n d  25OoC. T h i s  d e c r e a s e  i s  f o l l o w e d  
b y  a n  i n c r e a s e  t o  a s e c o n d  maximum i n  t h e  o l e f i n  p l o t  a t  30OoC. The maximum i n  t h e  
n -C ig  c u r v e  i n  F i g .  5 ( b )  c o r r e l a t e s  w i t h  t h e  s e c o n d  maximum i n  t h e  o l e f i n  p l o t .  
T h e s e  maxima a n d  t h e  i n f l e c t i o n s i n  t h e s e  n - a l k a n e  p l o t s  s u g g e s t  t h a t  d e g r a d a t i o n s  
o f  o r g a n i c  n o n - h y d r o c a r b o n s ,  i . e .  k e r o g e n s ,  w h i c h  o c c u r  a t  250°-300°C,  h a v e  p r e -  
f e r e n t i a l l y  p r o d u c e d  C i g ,  C 2 1 ,  a n d  C23 n - p a r a f f i n s .  

F i g .  6 p r e s e n t s  t h e  r a t i o s  o f  o d d - c a r b o n  number  t o  e v e n - c a r b o n  number  C15-C20 n-  
a l k a n e s  ( c a r b o n  p r e f e r e n c e  i n d e x  o r  CPX), p r i s t a n e  t o  p h y t a n e ,  n - C i j  t o  i s o - c i j ,  a n d  
n-C17 t o  i s o - C I j  a n d  t h e  n - C i j  t o  p h p t a n e  p l a t s  a t  25OoC. T h e s e  maxima m a y e i t h e r  be 
c o n s e q u e n c e s o f  t h e  c o n c o m i t a n t  i n c r e a s e s  i n  t h e  d e g r a d a t i o n  r a t e s  o f  t h e  b r a n c h e d  
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chain alkanes relative to n-alkanes and in the production rate of n-C17 in the 150' 
to 250° C temperature interval. A smaller maximum occurs at 200° C in the pristane 
to phytane plot, but neither the cause nor the reality of this maximum is 
established. The variations in the pristane to phytane ratio in Fig. 6 do not 
greatly exceed the precision of measurement. The CPI plot decreases from 1.3 to 1 
in the 100' to 250' C temperature interval and remains constant at 1 from 250' to 
500' C. A rapid increase in the n-C17 to phytane ratio in the 300' to 500' C range 
is probably the result of phytane having a greater degradation rate than n-C17 at 
these temperatures. Because the n-C17 to iso-Cl7 increases only slightly in the 
300° to 500' C interval, iso-Cl7 ig apparently more stable than phytane in this 
temperature range, 

Fig. 7(a) and (b) presents plots of the hydrocarbon gases isolated from the New 
Albany Shale at temperatures up to 500° C. The concentrations of the alkanes, see 
Fig. 7(a), and the yields of gases as reported in Table 1 increase with increasing 
temperature. Similar increases may be observed in the concentrations of ethylene 
(C2H4) and propylene (C3H6) in Fig. 7(b), but the concentrations of the three 
butenes reach maxima in the 150° and 200' C temperature interval. 

CONCLUSIONS 

Thermal alterations of the organic constituents of the New Albany Shale lead to 
increased yields of gaseous hydrocarbons and of liquid organic compounds containing 
oxygen, nitrogen, and/or sulfur atoms, Heating, however, substantially degrades 
and diminishes the concentration of the C17 alkanes in the New Albany Shale. The 
production of gaseous hydrocarbons reaches a maximum rate in the 100' - 200' C range 
that overlapsthe 150' to 200° C interval in which the degradation rates of butenes 
and a C17 alkanes reach a maximum. Correspondence between the temperatures at which 
the gaseous hydrocarbons other than the butenes are formed most rapidly, see Fig. 
7(a) and (b), and the higher molecular weight olefins and alkanes are degraded most 
rapidly, see Fig. 5, indicates that these gases may be partially derived from their 
larger homologs. In that the butenes production rates apparently peak at lower 
temperatures than do the production rates of the other gaseous hydrocarbons, the 
butenes may be preferentially formed from organic non-hydrocarbons wh.ich are thermal 
more labile than hydrocarbons. The temperature dependencies of the relative 
abundances of certain hydrocarbons svch as n-Cl7 to iso-Cl7 or phytane in the New 
Albany Shale suggests that these compounds can be used as thermal indicators. 
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TABLE 1 .  T o t a l  Volume o f  Gas ,  Water,  and O i l  
P r o d u c t s  Produced a t  D i f f e r e n t  R e t o r t  
Temperatures 

R e t o r t  Gas Water Oil 
Temperatures 

( O C  1 ( c u .  f t .  t o n )  ( g a l . / t o n )  ( g a l . / t o n )  

5 0  

100  

1 5 0  

200 

2 5 0  

300* 

5 0 0  

2 4 3  

3 3 3  

3 7 8  

4 2 2  

4 4 5  

4 4 5  

1 , 7 1 7  

~ 

. 2 3 9  

1.91 

3 . 5 3  

3 . 5 9  

4 . 3  

4 . 7  

5 . 9 7  

-- 

l o  

*Because  a l e a k  d e v e l o p e d  i n  t h e  r e t o r t  t h e  v a l u e  o b t a i n e d  f o r  t h e  
g a s  volume a t  300' C i s  l o w .  
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F i  ure 1 3 

EGS-52 

New Albany Sh+lr 
rhnple 

G.C. cc 
Rstortrd shah 

Sox h l d  

G C  GC 

F i g .  1 .  Flow s h e e t  o f  t h e  e x t r a c t i o n  and s e p a r a t i o n  o f  t h e  N e w  Albany 
s h a l e  p y r o l y s i s  p r o d u c t s .  
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F i g .  2 .  Gas c h r o m a t o g r a m s  o f  t h e  N e w  A l b a n y  S h a l e  ( a )  C C 1  f r a c t i o n  a t  
room t e m p e r a t u r e  a n d  ( b )  o f  t h e  o i l  p h a s e  o b t a i n e i  f r o m  t h e  same 
s h a l e  a f t e r  r e t o r t i n g  a t  50OoC. 
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f igure  3 
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F i g .  3 .  Gas chromatograms o f  t h e  CC14 f r a c t i o n s  o f  t h e  ( a )  room 
temperatmure e k t r a c t  o f  t h e  New Albany S h a l e  and ( b )  o i l  
phase  from a sample o f  t h e  same s h a l e  which had been h e a t e d  
t o  500OC. 
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Fig. 4 .  Plots o f  the concentrations (a) of alkenes (olefins) and classes of 
alkanes (b) of individual "-alkanes VS. pyrolysis temperatures f o r  
samples of the New Albany Shale. 
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QY Q 
l o o x  - 

Q AT 

O l e f i n s  

EGS-52 

T "C 

Figure 5 

Fig. 5. Normalizeddecay rate curves, expressed as percent o f  the initial 
concentration vs. pyrolysis temperature for (a) classes of alkanes 
and (b) C17, Clg, C21, and C23 n-alkanes. Plot (c) is the 
production rate of olefins expressed as 100 x the difference in 
concentrations at the specified temperature (QT) and at room 
temperature QRT. 
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AN I NTERACTI VE DATA MANAGEMENT AND ANALYSIS 
SYSTEM FOR THE EASTERN GAS SHALE PROGRAM 

Pyrtle W. Seabaugh and Ronald E. Zielinski 

Monsanto Research Corporation* 
Mound Facility 

Miamisburg, Ohio 45342 

ABSTRACT 

A versatile, easy-to-use data base system is described. The system provides flexibility in 
display formats as well as input and output options such as format compatibility adaptive to field 
da.ta. Both on- and off-line capability exists. Versatility is attained through logical, boolean, 
and arithmetic expressions. Consequently, computational capability is available so that data input 
can be minimized. Browsing and recursive searches are available through a search criteria command 
that allows the user to modify and narrow the request without restart. The system provides plotting 
options; data can be plotted in a well profile format. Through GEOLOG, a soft-wired synergistic log 
system, well log data can be integrated with geochemical and geophysical experimental data. 
integration will provide a more accurate assessment of the resource potential of the well. 

This 

Utilization of these features provides not only a fully interactive data management system but 
also an enhanced statistical capability for data analysis. 

*Mound Facility is operated for the U. S .  Department of Energy by Monsanto Research Corporation 
(Contract No. EY-76-C-04-0053). 
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Current awareness of shortages in traditional energy sources for oil and natural gas has placed 
great emphasis on the characterization and development of new sources for these fuels. The Devonian 
Shales have produced gas for over 150 years, and similarly the brown shales have produced commer- 
cially along the western edge of the Appalachian Basin for approximately one hundred years. (l) 
estimated amount of gas reserves contained in the shales of the Appalachian Basin vary between 460 
quadrillion cubic feet(2) and 285 trillion cubic feet. (3)  Using conservative figures based on the 
Appalachian Basin, at least a 10-year supply of natural gas is available from the Devonian Shales. 

The 

The U. S. Energy Research and Development Administration formally initiated the Eastern Gas 
Shale Program in 1976, and it is being directed by the Morgantown Energy Research Center. 
the program includes the systematic accumulation of a data bank for accurately assessing and charac- 
terizing the resource and providing for an economical and efficient production of the gas. 
Laboratory is assisting in the determination of the resource inventory and is cooperating in studies 
designed to determine the geological, geophysical, and geochemical properties of the shale. 

Currently, 

Mound 

To collate the voluminous data that will be generated by this program, and to effectively use 
and efficiently distribute the data, an interactive data management and analysis system is required. 
This report describes some attributes of such a system. 

In conjunction with MERC, a prototype data management system (DMS) which includes the 
capabilities of data storage, retrieval, and processing was established for demonstration purposes. 
This interactive system contains some of Mound's Eastern Gas Shale data in a technical data base 
and is currently available for on-line demonstrations. Both on-line and in the batch mode, the 
system provides browsing and recursive searchcapabilities needed to scan large volumes of data and 
to conveniently present data for analysis and interpretability. In part, these features are pro- 
vided through logical, boolean, and arithmetic expressions which allow the user to modify, rephrase, 
or narrow his search criterion without restart, so that a redirected search need not include a 
retrace of previous paths. There is no practical restrictions on the size of the data base. The 
system allows users to manipulate their data with the basic system and then to interface user 
selected portions of the data with specialized routines linked with DMS to perform special calcula- 
tions or.manipulations. 
the user and the DMS is in English. 
the infrequent user, the system offers a practical convenience through an on-call instructional 
tutorial which is stylized to the user's preferences and background. 

The system is easy to use because the entire two-way "conversation" between 
(Mastery of a complex protocol language is not needed.) For 

Often, at the inception of a major program, detailed specifications on format requirements and 
input media may not exist. Using the flexibility of the data system, input routines can be easily 
generated to convert data collected prior to completed specifications into selected DMS input for- 
mats. Although the system can interact with an array of input formats, all are processed through 
a common utility program. The system can be used to generate a variety of reporting formats, each 
tailored to specific report needs €or various contractors or users. Consequently, the user is not 
required to adhere to a rigid format. In a similar manner, accomodations can be made for unplanned 
or unforeseen requirements with minimal economic impact. 
the system, many important sums, differences, and ratios can be provided for interpretative purposes. 
For example, the prototype system calculates total C1-C4, total C2-C4, % gas wetness (C~-CL,/C~-CL,), 
and the iC,/nC, ratios. Furthermore, these computations also minimize data entry effort, both in a 
time and dollar sense. Other ratios and percents provided by the prototype are: 

By use of the computational features of 

. 2-methylpentane/3-methylpentane . isopentanern-pentane 

. cyclohexane/methylcyclopentane 

. methylcyclopentane/methylcyclohexane 

. % paraffin-naphthene (PN) 
, % aromatic (A) 
. % hydrocarbon 
. PN/A 
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rhe latter four items are associated with the C,,+ Bitumen Extract. 
items provide insight into the maturity of the hydrocarbons. 

Collectively, the first four 

Many of the data elements in the prototype Eastern Gas Shale data base require arithmetic 

This arithmetic manipulation facilitates the 
manipulations. By use of arithmetic operators (greater than, less than, equal to, etc.), the DMS 
allows searching over ranges of data magnitudes. 
interface of DMS with specialized output subroutines in higher level languages such as FORTRAN. 
of the FORTRAN Encode/Decode features is supported through use of the necessary FORTRAN compiler. 

Use 

The statistical and modellin implications of the Eastern Gas Shale Program suggest the use of 
statistical packages such as SAS(') and BMD. These can be provided through the host language (e.g., 
FORTRAN) extension facility. Other mathematical packages that provide simple optimization, data 
filters, cluster analysis, trend analysis, and plotting capabilities can be provided without severe 
economic impact. Examples of the plotting capability are shown in Figures 1 and 2, and some cluster 
results are shown in Figure 3 .  All the mathematical resources can be shared with all the various 
contractors involved in the program, at least to the degree that they may choose. These statis- 
tical and mathematical software packages can be used to tie the characterization data with logging 
data. 

As an example, an extension to the interpretative capabilities of the data base is a system 
called GEOLOG. GEOLOG is a synergistic log system that will accurately integrate the log data on 
file from the A to D conversion and the geochemical data for that same well. 
together the well log and experimental data to provide a more accurate representation of the well. 

This system ties 

These inputs will serve to produce an accurate synergistic log system that can be used in 
future applications with well log data. 

The system equally supports project management and text files. 

For project management files, a variety of searches are available. Some key examples are: 

. Contractor 

. Contractor's Address . Principal Investigator 

. Associate Investigator 

. Technique/Technology Used 

. Technical Objectives 

. Approach 

. Status . Budget Code . Project Title . Start Date 

. Funding Agency . Procurement Method . Completed Milestones 

. Contractor Performance 
Through the arithmetic features, annualized budgets can be divided into a monthly allocation; 
spending rates can be computed, projected and monitored for under or overrun; monthly expenditure 
values can be inserted; weekly, monthly, or yearly updates can be made; year-to-date information 
can be provided; milestones can be monitored; and variance flags can be set. 
are available for assessment of contractor performances in an objective manner. 

Other provisions also 
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The DMS provides security keys at multiple levels. Through these keys, both selective input, 
Files can be reserved solely for the project retrieval, and display can be imposed on the system. 

manager, so that no one else can breach them. Technical data files can be protected likewise, with 
the security level going down to the field level (e.g., single word). Transaction activities for 
all stations can be monitored and identified as to origin. 

A highly useful feature for a text or report file is the capability to search on a word without 
knowing the complete spelling. 
and then fill out the word with a default character such as an asterisk. A predetermined dictionary 
is not necessary, because each word entered into the text file becomes part of the dictionary. 
Another convenience provided by the system is a display function that allows the key word to be read 
in context with words highlighted on both sides of the key word. 
more rapidly and accurately executed. 

The user can specify the first three or four letters or characters 

As a result key-word searches are 

Remote data entry through cassettes, and/or cartridges, and remote terminals also is provided 
by the system. 
mailed to an entry station. Entry also can be made via magnetic typewriter cards. This mode would 
be particularly useful for a report or text file. 

The data on a cassette or cartridge can be transmitted over a telephone line or 

In summary, a prototype data base system has been designed, tested, and implemented. The system 
provides the flexibility to meet changing and future needs that inevitably evolve with new programs. 
The system has already accommodated a request for format change that came after an initial format 
was fixed. It provides enhanced statistical capability for interpretation of characterization data 
through logical, boolean, and arithmetic searches that can be complemented by extensions to higher 
programming languages such as FORTRAN. These capabilities can be readily extended to text and pro- 
ject management files, including budgeting functions. Security keys are provided down to the word 
level. This interactive system contains some of Mound’s Eastern Gas Shale data in a technical data 
base and is currently available for on-line demonstrations. 
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1820 Dollev Yadison Blvd. 
Yctean, VA 22101 
Phone: 703f790-6000 

Paul  D. Y o f f i t t  
Qesearch Engineer 
P h i l l i n s  Petroleum ComFanv 
264 R.B .1  PRC 
R a r t l e s v i l l e ,  OK 74004 
Phone : 9181661-3310 

Pedro A. Yontano 
Ass i s t an t  P ro fes so r  
West Vi rg in i a  Un ive r s i tv  
Denartment of Phvsfcs  
Yorgantom , Tar 26506 
Phone: 3041293-3422 

E. T .  Moore, Jr .  
Vice P te s fden t  
Physics  I n t e r n a t i o n a l  Company 
2700 bferced Street  
San Leandro, CA 94577 
Phone: 4351357-4610 

David C. Y o t r i l l  
Petroleum Exnlorat-ion Snec-ial is t  
Donohue, Anstev & \ f o r r i l l  
8 P r l inp tnn  S t r e e t  
Roston, ‘-4.4 02116 
Phone: 6171267-760n 

Donald Y. Morris-Jones 
Research Analvst  
Wisconsin State  Planning and Energv Of f i ce  

Yadison, WN 53701 
Phone: 6081266-7707 

P.n. BOX 511 

W i l l i a m  F. Yorse 
Di rec to r  of Research 
Columbia Gas System Service Corporation 
1600 h h l i n  Road 
Columbus, OH 43215 
Phone: 6141486-3681 

non E. Napp 
S t a f f  Geologis t  
Tenneco O i l  Company 
3000 I‘nited Founders Bldg., Cuidad Tjldg. 

Oklahoma C i t y ,  nK 73112 
Phone: 4051848-8511 x222 

S u i t e  139 

Donald W. Neal 
Research Associat ion - St ra t ig rauhv  
West Vi rg ln i a  Geological  Survey 

vorgantown, !m 26505 
Phone: 3041292-6331 

P.O. a79 

V. S .  ( B i l l )  Northern 
Senior  Sa le s  Eng-lneer 
Schlumberger 
2-0-3 Schroath Building 
7.27 Washington Avenue 
C1 arkshurg , 1JV 26301 
Phone: 304/624-4635 
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David A. E'orthrop 
Divis ion SuDervisor 
Sandia Labora to r i e s  - Division 5732 
Alhuouerque, W 87115 
Phone: 5051264-2302 

J e r r y  L. Norton 
Regional. Engineer 
nowell 
1021 Q u a r r i e r  
Charles ton,  WV 25302 
Phone : 3041343-7504 

E. B. Nuckols 
Devonian Shale  P r o j e c t  
West Vi rg in i a  Universi ty  
313 White Hal l  
Yorgantown, W I T  26506 
Phone: 3041293-3477 

Edward B. Nuhfer 
P e t r o l o g i s t  
West Vi rg in i a  Ceological  Survey 
P.O. Box 879 
Vorgantawn, WV 26505 
Phone: 3041292-6331 

W i l l i a m  O'Brien 
Ceo los i s  t 
Morgantown Energy Research Center 
P.O. Box 880 
'qorgantown, Nv 26505 
Phone: 3041599-7249 

W i l l i a m  O'Conner 
Vice P res iden t  of Yarketing 
Ta l l ev  Frac 
3500 Y. Creenf i e ld  Road 
Yesa, AZ 85201 
Phone: 6021832-3830 

Robert S. O t t i n g e r  
Manager, Energy Resources Off€ce 
TRV Inc. 
7600 Co l sh l r e  Drive 
McLean, VA 22101 
Phone: 7031893-2000 x2421 

I?. K. Overbey, Jr. 
P r o j e c t  Manager, EGSP 
Morgantown Energy Research Center 
P.O. Box 880 
Xorgantown, W 26535 
Phone: 3041599-7109 

F r i t z  M. Overs 
D i r e c t o r ,  School P l a n t  Planning 
Shaker Heights C i ty  Schools 
Shaker Heiphts,  OH 44120 
Phone: 2161921-1400 x318 

C. L. Owens 
Research Engineer 
Columbia Cas Svstem Se rv ice  CotPoratton 
1600 Dublin Road 
Columbus, 011 43215 
Phone: 6141486-3681 

P a t  lu'. Parker  
Product Pevelonment 
The Western Commnv 
P.O. Eox 186 
For t  TiTorth, TX 76101 
Phone: 8171731-5119 

J. P a s i n i ,  I11 
Senior  S t a f f  Special is t  
'4organtown Energv Research Center 
P.O. Box 880 
%rgantown, hV 26505 
Phone: 3041599-7103 

Douglas G .  Patchen 
O i l  and Gas Sect ion 
!Jest Vi rg in l a  Geological Survey 
P.O. Box 879 
Morgantown, lzll 26505 
Phone: 3041292-6331 

Pobert  J. Pauken 
Senior  Research Ceoloei st 
Mohil Research and Development Corp. 
P.O. Box 900 
Dallas, TX 75221 
Phone: 2141331-6531 x352 

Y 3 l l i a m  J. Pe r ry ,  Jr. 
Geologis t  
U.S. Geological  Purvev 
Mails top S55 - National  Center 
Reston, VA 22092 
Phone: FTS 928-6637 

John C. Peterson 
NYS Geological  Survey 
P.O. Box 1218 
Al f r ed ,  VY 14802 
Phone: 607/871-2407 
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C .  I. P i e r c e  
Phvsici  st 
Yorgantown Eneray Pesearch Center 
r . S .  Department of Energv 
P.O. Box 880 
Yorgantown, \4V 26505 
Phone: 334/5?9-7752 

Ken Pinkston 
S a l e s  Representat ive 
McJunkin Corporatfon 
1400 Ilansforc! Street 
Charleston,  lnsl 25322 
Phone: 304/348-5211 

Robert P io t rows t i  
S t a f f  Ceo1op;ist 
Pennsylvania Ceolnpical  Survev 
1201 Kossman Ruflding 
P i t t sbu rgh ,  PA 15222 
Phone: 412/565-5030 

Ilarvev P r i c e  
In  t ercornn 
1201 Dairv Ashford, S u i t e  200 
TTouston, TX 77070 
Phone: 713/497-8400 

'Tike P r i c e  
Senior  Ceologis t  
Appalachian Fxplorat ion and 

P.O. 9ox 628 
Charleston,  I W  25322 
Phone: 3041344-8355 

Development, Inc.  

Wayne P r o e l l  
Manager 
Cloud H i l l  S c i e n t i f i c  Developments 
Route 3 
Seymour, I N  47274 
Phone: 812/522-2570 

Constance Putnam 
Ed i to r  
Sctence Anp1ic.l t i  ons,  Inc  . 
S u i t e  8,  Chestnut Pfdpe P ro fes s iona l  nujlrliny 
Yoraantown, 1.V 26505 
Phone: 3n4/599-969fi 

E. 0. Ray 
Vice Presf dent 
Kentucky TJest Vi rn in i a  Cas Companv 
Rox 431 
Prestnnsburq,  RY 41653 
Phone: 606/886-2311 

Mark L. Reinhold 
Pesearch Ass i s t an t  
I l l i n o i s  S t a t e  C e o l o ~ t c a l  

Natural  Pesources Rufldinq 
Urbana, IL 61801 
Phone: 2171344-1481 x2nl  

Survev 

John Reynolds 
S t a f f  Ceologis t  
I n t e r n a t t o n a l  Petroleum 

Servjce Co. 
P.O. Box 547 
S h e f f i e l d ,  PA 16347 
phone : 814/?68-3295 

Ptewart  Phoades 
Teo lnn i s t  ' 

T ' W S  
P.O. Rox 875, 
rforgantown, t.nr 26505 
Phone: 304/292-6331 

Dudlev n. Wce 
Ceoloqi S t  

1'. ?. ceoloqi  c ~ l  Curvev 
Rox 25046, W 951, Prdernl  Center 
Penver, r0 8'3225 
Phone : 3fl31234-4167 

I!erman Pieke 
Technjcal S t a f f  
TRTJ 
S u i t e  1 2  
Chestnut l?id$e P ro f .  P l d o .  
?'organtown, hV 26505 
Phone : 336 1599-8622 

nehra P i e s t e r  
Ceolopi st 
non Yichner b Associates ,  l n c .  
Rox 769 
P a i n e s v i l l e ,  017 44077 
Phone : 216/352-40Qn 

TJavl and h h e r t s  
Amoco Production Cnmnan-7 
Rox 30°2 
I?oustnn, TX 77331 
Phone: 713Ih52-437Q 

.T. L. Pohertson 
r h i  p f  Cen3 oEi s t 
Tnternat ional  Petrnle~rm Servlcr  Po. 
P.O. Rox 547 
S h e f f i e l d ,  P A  16347 
Phone: 514/968-3215 
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John B. Roen 
Geo log i s t  
1l.S . Cenloqi c a l  Survev 
Reston, VA 220?2 
Phone: 7031860-6635 

Doherto Rosales 
Superv isor  
c .  s. T. 
2509 Glencl i f f  
P lano ,  TX 75074 

Roger L. Rowland 
Regional Geologis t  
Gulf Energy & Minera ls  Co.  U.S. 
324 N. Robinson 
Oklahoma C i t y ,  OK 73102 
Phone: 4051236-3071 

Alhe r t  P. Ruotsa la  
P ro fes so r  
Michigan Technologj c a l  Universi  t v  
Geology, Geological Fngineer 
Houghton, VT 49931 
Phone: 9061487-2535 o r  2531 

P h i l l i p  Russe l l  
Research S c i e n t i s t  
?lodges Hall 
nepartmen t of Phvs i c  s - W V  
Yorgantown, !JV 26506 
Phone: 3041293-5769 

F. Danie l  Ryan 
P r e s i d e n t ,  Vescorn Inc .  
6660 N. High S t ree t  
h r t h i n g t o n ,  W. 43085 
Phone: 6141436-5522 

S i l l i a m  w .  Rvan 
Ceologis t 
Spar tan  Gas Co. 
P.O. Box 766 
Char les ton ,  W 25323 
Phone: 3041925-0317 

E r i c h  Sarapuu 
P r e s i d e n t  
E l e c t r o f r a c  Corp. 
308 W-99 Terrace  
Kansas C i t y ,  MO 64114 
Phone: 816/942-5965 

TJalter K. Cawer  
Sec t ion  Leader 
‘~orwntown  Enerqv Fesearch Center 
71.5. neaartment of Energv 
P.0. Rox 880 
lforqan t o m ,  Ill 26505 
phnne: 3041530-7221 

‘f. F. Scharf f  
Trice Pre.;i dent 
.TA Y COR 
P.O. nox 37’) 
nel n r g r .  CA 92014 
?hone: 71 41453-6580 

b r r v  F. Sheetz 
pesearc?i Associate 
P m n  S t a t e  T’nivcrsitv 
223 ‘ f a t e r j a l s  Research J.ah 
h i v e r s i t v  Park ,  PA 168‘72 
T%one: 814/865-3539 

Paill n. P c h e t t l e r  
Pro f e s S n r  o f  C b e m i  s t r v  
Jun in ta  rcrl leqe 
!‘untinPdnn, PA 16652 
Phone: X14lh43-6288 

C .  F. Schlemmer, .Jr. 
Oentity n i  r e c t o r  of Research and 

n \ io  b p a r t m e n t  of Fnergv 
30 Fas t  ?road S t r e e t  
C n l u m l ~ u s ,  017 4322? 
Phone : 61 41466-8277 

nevel onrrrmt 

n r .  Tlanq-Ilermann Pchmitz 
xf l .nera logis t  
Fede ra l  I n s i t i t u t e  Geosciences and 

3000 IIanover 51 
C.ermanv 

’Tatural Desources 

James W. Schmoker 
CPophvsl c j s t  
T’.S. CeoloKlcal Survey 
y:: 964, Denver Fede ra l  Center 
Denver, CO 80225 
Phone: 303/234-5601 

Carry I,. Scho t t  
1-0s lhlamos S c i e r l t i f f c  Lab 
120 Vonte V i s t a  
Ims blames, u”T 87544 
Phone : 505 16 7 2 -102 3 
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A t t e n d e e s  (Cont . )  

Crover J. S c h r a v e r  R o b e r t  C. 5humal~er  
S e n i o r  Q e s e a r c h  r h e m i s t  P r i n c i o a l  T n v e s t j s a t o r  
Gul f  R e s e a r c h  and nevelovment  Co. n w o n i a n  ShAle P r o j e c t ,  P V T  
P.0. Rox 2 0 3 8  3 1 3  1Jhite l k l 1  
P i  t t s h u r ? h  , PA 1 5 2 3 0  Yorgantovn,  1.n' 2650h 
Phone: 4 1 2 / 8 2 8 - 5 0 0 0  x 2 3 5 5  Phone: 7 0 4 / 2 9 3 - 3 4 7 7  

Leo A. S c h r i d e r  
A s s i s t a n t  P i r e c t o r  
'7organtoT.m Energv Research  
P.O. Eox 880 
bforyantoim, 151' 2 6 5 0 5  
Phone:  3 0 4 / 5 9 9 - 7 4 9 2  

Carl  L. S c h u s t e r  
l Y v i s i o n  S u o e r v i  s o r  
S a n d i a  L a h o r a t o r i e s  

Albuqueroue ,  N?? 871 15 
Phone: 5 0 5 1 2 6 4 - 9 1 4 2  

P.O. BOX 580~. n i v .  5 7 3 3  

L o u i s  Schwasnick  
Sales E n o i n e e r  
S c h l u n h e r g e r  
lh50 Smith Drive 
h'oos t e r ,  011 4 4 6 9 1  
Phone: 2 1 6 1 3 4 5 - 5 1 4 7  

J o s e p h  F. S c h w i e t e r i n g  
S t ra t  iqrapher 
I+st T ' i ro in in  Ceoloczicnl Survey 
P.O. Rnx 8 7 9  
?40rgantocln, 7 6 5 0 5  
Phone: 3 0 4 / 2 9 2 - 6 3 3 1  

P. Y. Seahailoh 
Sen-ior A n a l v t t c n l  s p e c i a l i s t  
?,!orisanto Research  C o r w r n t  i on  
Yound L a b o r a t o r v  
Yiamisburg  , 011 4 5 3 4 2  
Phone:  5 1 2 f 8 6 6 - 7 4 4 4  ~ 7 4 7 1  

Mohindar  S e e h r a  
Professor o f  P h y s i c s  
%st V i r g i n i a  T'niversi t v  
Hodges H a l 1  - W;n!u 
Y o r g a n t o m ,  VV 265% 
Phone: 3 0 4 / 2 ? 3 - 5 7 6 9  

A .  p i c h a r d  S j n c f a j r  
P r e s i d e n t  
F r a c t n r f n y !  T ~ c h n c l o ~ v ,  n iv .  of 

io7ni  \,.I prcewav f29'2 
Uouston.  TX 77018 

? f a u r e r  v n ~ i n e e r i n P  Tnc. 

Phone: 7 1 3 / 6 8 3 - 8 2 2 7  

pfadsn M. Pinyh 
P r e s i d e n t  
E n g i n e e r s  T n t e r n s t i o n a l  , I n c .  
2514 rJi s c o n s l n  Avemre 
n o w e t s  Grove. TL W S 1 5  
Thone: 31 2f0f18-h883 

C h a r l e s  R .  S k l l l e r n  
S e n i o r  S t R f f  F n p i n e c r  
TRF! Inc. 
7 6 9 n  C o l s h i r e  n r i v r .  
VkTxpn, TrA 2 2 1 0 1  
Phone: 7 3 3 / 8 9 3 - 2 0 0 0  x 2 4 2 1  

Marianna Slncrim 
S e n i o r  f n y r .  T a e c l a l t s t  
? c n t .  0 6  rnerqy 
7.0 m * ? s s n c h i r s e t t s  Avenue 
T'nsl-ircton, PC '2'7545 
Phone: 2 0 ? / 3 7 6 - 4 8 4 0  

?f. L. S 1 1 1 s s ~ r  
Cnvineor inP A w x x i a t e  
%hi1 Pesenrch  E; n e v e l o n v e n t  Co. 
n.0.  h x  900 
Pal 1 F R ,  TX 7 5 2 2 1  
Phone: 21 4 / 3 3 1 - 6 5 3 1  

1:ric '+it11 
Columliia r a s  Yvsten S e r v i c e  Corn.  
1609 ~ 1 1 1 ~ 1  i n  %ad 
r n l u d m s  , OH 4321 5 
Phone: 6 1 4 / 4 8 6 - 3 6 8 1  

Zane Shuck l l a r o l d  R .  Cmith 
h s s o c .  Vr . ,  EnRineer jng  Exp. S t a .  C e o l n a i s t  
125 ES Louden P r o n e r t i e s  C o m p a w  
!Jest V i r E i n i a  Tln lvers j  t y  2 5 2 1  F v e r q r c e n  P r f v e  
Yorgantown, 'JV 26506 Tndiana ,  P A  1 5 7 0 1  
?\one: 3 0 4 / 2 9 3 - 4 8 2 1  J'hone. 4 1 2 / 3 4 9 - 2 5 5 6  
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J e f f r e v  F. Smith 
S t a f f  Geoloyis t 

20 Y a s s n c h u s e t t s  hvenuo 
*Jash inEton ,  nC 20545 
Phone:  2q21376-4690 

J o h n  Ward S m i t h  
D i v i s i o n  Manager - g e s o u r c e  

Character is ts  

I T .  s . n m  

LERC-DOE 
P.O. nox 3395 
U n i v e r s i t y  S t a t i o n  
Larmie,  FrY 82071 
Phone: 3071742-4236 

P m l  L. s m i t h  
r n q i n e c r  
Rail i h u r t o n  Cerv iceq  
Drawer 1431 
?tincan, nK 73533 
Phone:  4q5125l-3172 

P .  P. Smith  
Sen1 oRi st 
' T P C  
P.O. Box 970 C o l l i ~ s  F e r r v  poad 
mTnryantovn, TT7 265P5 
Phone: 30415Q9-74-30 

hb l te r  Jd. Smith 
S e n i o r  C e n l o q i s t  
P e t r o l e t m  Tnformntion Corc.  
1375 Sorith I)el avara 
k n v e r ,  CO SO201 
?'lone: 393 /8?5-7181  

.Tim Smi thermm 
C e o l o q i s  t 
&aver O i l  and Cas C o r a o r a t i o n  
5251 Westheher Foad,  Siii  t e  800 
Nouston ,  TY ?7056 
Phone : 7131626-1550 

Rfchard  P .  Smnsna 
F e t r n I  ogi.; t 
Vest V i r g l n i  a Caolngi  c a l  Survey 
P.0. Box 879 
Yorgantown, IV 26W5 
Phone: 3 0 4 1 2 9 2 4 3 3 1  

Y. J a c k  Snyder  
WmaFpr,     ate rial nevelonment  
S a t t e l l e  Cnlumhus Labs 
505 King !vmue 
Columbus, 0" 43201 
Phnn e : 6 1 4 f 4 2 A - 5  82 1 

1Tarren $. Snauldfncl. 
S e n i o r  S t a f f  l 'ewarch S p e c i a l i s t  
hYT)rO P r o d u c t i o n  Comnanv 
7.0. Rox 591 
T i i l s a ,  nK 7h102 
Phone : 018/664-3n12 

4 r t  ' f .  Spencer  
C h i c f  C h e n i s t  
P e t r n l e u m  TechnoloFv C o r n o r a t i n n  
P.O. Ro, 537 
"pdmonrl, ' 1 )  @SW2 
P h n p e :  2 n h l P 8 5 - 5 ? q Q  ~ 4 7 5  

Anthony ?. S t n t l e r  

T e n n e s s e e  ne,t. of C o n s e r v a t i o n  
P i v i s i o n  of  Ceologv 

C-5 S t a t e  O f f i c e  R u i l d i n g  
Yashvi I ~ P ,  ?U 37?l Q 
Phone '  6151741-2726 

Chief  Can1 o p i s t  

r o n a l d  T. S t a n r n s  
P r o j e c t  F n s i n e e r  ( s c i e n t i f i c )  
1'. S .  nennr tment  o f  Fnero- 
2753 7. TIinhlanrJ P r iva  
T,ns Veyas,  YF 8"1 111 
Phone:  7Q2f734-3251 
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Attendee.; (cent . )  

r e f f r e v  '++ t e h a i r  
Sand curvev, I n r .  
"9 " 2  
Canridye, on 47725 
Phone : 6 14 / 4 3 2 - 3 3 3 6 

r .  p-w T1i l l ims  
P e t r o l  PIIT Tne i n c e r  
n a r t l  e sv i  11 e Cner?v pes ra rch  Center 
P.0. Rnx 1335 
" a r t l e s v t l l  e ,  ClK 71t903 
Phone: 915/336-2400 x369 

J e f f r e y  S. Xafar 
Petroleum Geologis t  
UKRF 
307 Mineral I n d u s t r i a l  Bui ld ing  
Un ive r s i ty  of Kentucky 
Lexington, KY 40506 
Phone: 606/257-2696 

R. E. Z i e l i n s k i  
Manager, Energy Systems Technology 
Monsanto Research Corpora t ion  
Mound Labora tory  
Miamisburg, OH 45342 
Phone: 513/866-7444 x3607 
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Symposium Keynote addres s  is p resen ted  by Hugh Gu th r i e ,  Act ing  D i r e c t o r  of t h e  
O i l ,  Gas and Sha le  Technology Div i s ion  of t h e  U. S. Department of Energy. 
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Mr. William T. McCormick, Vice-president of the American Gas Association, Arlington, VA, 
delivers the Banquet Address to an enthusiastic and interested audience. 
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Bill Overbey, Symposium Chairman and Eastern Gas Shales Project 
Manager, presents opening address at First Eastern Gas Shales 
Project Symposium on October 18, 1977, Lakeview Inn, Morgantown, WV. 
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